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Abstract 
 
The aim of this thesis is to investigate and calculate Hosting Capacity in power 
systems to identify the maximum amount of renewable energy resources that can be 
deployed. After connecting distributed generation to distribution system, the performance 
index of the distribution system will improve or deteriorate. The point which is between 
the acceptable deterioration and unacceptable deterioration is the hosting capacity. This 
research is specifically concerned with the effect of increasing distributed generation on 
the performance index in distribution networks and finding the maximum point of the 
acceptable deterioration. 
The hosting capacity is the amount of distributed generation that can be added to 
the distribution network without requiring additional upgrades in the network. This thesis 
presents a novel mathematical algorithm to determine the hosting capacity and determine 
the amounts of distribution generators that can be added to distribution networks. The 
two primary boundaries considered in finding hosting capacity are overvoltage and 
overloading. The investigation shows that the performance index of the system will 
deteriorate after connection of additional distributed generations until finding the optimal 
addition. The results show that the distribution system could accept more wind power 
with respect to its design criteria. The practicality of the proposed methodology is 
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Chapter One: Introduction 
1.1 Renewable Energy: Rise and Consequence 
As technological advances have progressed over the many centuries of human 
history, a related and necessary advancement in energy sources to utilize and leverage 
such advances was a direct consequence. Forms of energy utilized in early times included 
wood for burning and sunlight for growing crops. These sources of energy were readily 
provided by the environment and in such relative supply that they could basically be seen 
to be without limit. When further industrialization and its corresponding technologies 
developed, more active forms of energy were needed to act as sources of power for 
performing various kinds of work. The most readily-available energy source was that of 
mechanical power affected by human strength. Thus, various tools and machines were 
developed for utilizing this energy source. While the population was of sufficient size, 
human mechanical energy was limited in availability to the physical endurance of 
participants. In order to overcome human limits, it was necessary to adopt the use of 
another readily-available energy source. However, there was not much consideration 
given to whether any of these energy resources would become less available overall. 
Finding more timber simply meant exploring a new area. As technology continued to 
progress, eventually the potential of expanding hot air became widely known and 
accepted for a growing number of mechanical innovations. As this required the heating of 
air, the demand for wood for burning was increased. However, other forms of 
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combustible resources were discovered as well, such as coal and oil. Like timber, these 
resources had to be located and harvested. Unlike timber, once they were depleted, they 
would not renew. Thus, renewability as a concern for energy became evident, but still not 
a concern for future generations. This was underscored by the mass deforestation 
processes practiced throughout the industrialized world. As populations continued to 
grow and expand, the areas available for exploration of energy resources became more 
scarce as did the resources themselves, consequently. However, human ingenuity and 
invention throughout this development had produced other potential energy solutions. 
Wind mills as opposed to hand-powered utilized the energy of the wind, which was 
available with relative consistency and did not require exploration and acquisition to 
obtain energy once established. Eventually, electricity was discovered as a form of 
energy for powering new inventions, which provided a supplement or replacement for 
mechanical or thermal energy in machines and devices. The production of electricity, 
however, was frequently accomplished utilizing other forms of energy, such as the 
burning of coal, oil, and wood. However, electricity could also be produced using other 
means of primary energy. In addition to the economic opportunities ever-present with the 
providing of energy, other concerns, such as depletion and pollution, surfaced. With the 
depletion of traditional energy sources becoming evident and the effects of the use of 
such sources in the form of pollution and environmental damage taking effect, the 
consequence of turning to renewable forms of energy, such as wind production of 




1.2 Electric Power Systems: Renewable Energy and Distributed Generation 
1.2.1 Realities of Renewable Energy 
Renewable energy is energy that comes from resources that are naturally 
replenished. Some examples of renewable energy include wind, sunlight, and geothermal. 
Renewable energy resources are important for the future of the energy industry. The 
current state of the art involves burning fossil fuels to power turbines that generate 
electric energy which is then distributed throughout the power system – providing the 
power infrastructure on which much of our modern world is based. This strategy has 
proved extremely useful and effective so far, but there is an underlying intrinsic problem 
with it: fossil fuels are finite non-renewable resources. Fossil fuels that have been burned 
in the process of generating electricity are becoming less useful for generating more 
power. Additionally, fossil fuels take times comparable to evolutionary timescales to 
form. Put another way, the amounts of new fossil fuels that will be naturally created in 
the generational timescales are negligible to the amount of fossil fuels that will be 
consumed. This all adds up to the inevitable conclusion that the current methodology for 
energy generation is not sustainable. Renewable energy is a solution to the long-term 
energy problem. Since renewable energy resources are naturally replenished, it follows 
that long-term energy production should not decrease since there are no resources that are 
being depleted in the process.  
Another more practical advantage of renewable energy is that, since there are no 
required supplemental inputs into the system, the energy gained is essentially “free” – 
free here meaning that after research, instillation, and upkeep costs are considered, no 
additional costs are incurred for the generation of energy. This incentivizes pushes for 
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research and development of renewable energy. In terms of political motivations, 
renewable energy is a strategy aimed at reducing dependence on fossil fuels. 
Renewable energy, in general, tends to be a much cleaner process when compared 
to fossil fuels. There are no carbon dioxide emissions and no toxic emissions associated 
with renewable energy production technologies. Getting more of our energy from 
renewable resources of electricity than we do now will scale back the amount of toxic air 
pollution – maintaining atmospheric cleanliness, reducing the impact of energy 
generation on global warming, and keeping people healthy. Industrially, financially, 
politically, and environmentally the case is strong for the importance of renewable 
energy. 
Several types of renewable energy technology exists which are currently in use. 
Different renewable energy resources are listed below with a brief description of each 
[24].  
 Solar: Converts the energy in sunlight into electricity. Electromagnetic radiation 
from the sun is used to excite electrons which are collected and transported to 
create current before being allowed to recombine. Typified in the familiar solar 
panel, or photovoltaic (PV) cell, solar power is promising due to the amount of 
energy available from sunlight. Currently, solar energy accounts for about 0.25% 
of electricity generated in the U.S. Instillation costs for PV cells are high, but the 
technology is quite practical for residential use. 
 Wind: Converts the energy of air currents into electricity. This is accomplished by 
having air currents drive a turbine that generates electricity. Wind turbines suffer 
from inconsistent power delivery, a problem which has been resolved with the 
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incorporation of microelectronics to efficiently store fluctuating power, and 
output it back in a smooth and reliable fashion. Wind power currently accounts 
for about 1.43% of electricity generated in the U.S. 
 Hydropower: Converts the energy of flowing water into electricity. Water flowing 
is used to turn a turbine that generates electricity. Currently, hydropower accounts 
for 7% of electricity generated in the U.S. Hydropower generate a clean 
technology with no emissions; however, the introduction of a dam can hive 
detrimental effects on the local ecology. 
 Biomass: Biomass is the use of organic fuels such as industrial/agricultural waste, 
wood, and bark. The biomass is burned and the heat is used to produce steam to 
drive a turbine which generates electricity. Biomass can also be used alongside 
coal to replace up to 15% of the coal used. In the U.S., biomass accounts for 
4.54% of the generated electricity. 
Renewable sources of electric power production, such as from the wind, sun, or 
movement of water, can make excellent distributed generation units due to the locality of 
production and use, minimizing or eliminating costs of transportation of energy 
producing resources and subsequent transportation of produced electric power. This can 
greatly increase the reliability of the electric power system 
 
1.2.2 Nature of Distributed Generation 
When it comes to the generation and consumption of electrical energy, any 
changes in the consumption or production of electric power will affect the performance 
of the distribution system. Thus, distributed generation units apply power to the side of a 
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power network where consumption occurs, possibly nearby to the consumers, in order to 
meet the requirements of consumers and utilities thereby upholding the reliability of the 
power supply. There are many advantages in using distributed generation units, such as 
acting as backups in critical situations or in resolving disturbances of the electric power 
grid. With these distributed generation units, there is no need to transmit electric power 
across a long and possibly overburdened transmission system that increases costs and 
often results in power losses [18], [22]. 
In [18], there are two components of power system reliability, namely adequacy 
and security. The ability of power systems to supply aggregate demands and energy 
requirements is known as adequacy. It states that adequacy takes into account outages of 
system facilities, whether they are scheduled or unscheduled. In similar fashion, the 
capability of the power system can be defined as withstand sudden disruptions, such as 
unintentional component outages, as security. The level of reliability can be measured by 
the duration, frequency, and magnitude of negative effects on consumer services. 
Because reliability is an aggregate measure, it is typically pertinent to control regions or 
service areas. Also, the reliability of a power system is dependent on the reliability of the 
system’s components. Thus, the reliability of power plants, transmission lines, 
substations, and distribution feeder lines are all integral to the power system’s reliability. 
Planners and operators prefer having redundancy in components to ensure a reliable 
system. System reliability is also contingent on decisions made by grid operators in 
response to changing system conditions. The main reason for reliability problems is the 
weather. Problems arise from high winds, lightning strikes, heavy snowfall, ice, and 
unpredicted hot weather. Planners and operators strive to create resilient systems so that 
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they may adjust to complications without major repercussions. When outages occur, a 
resilient system is restored quickly to affect the fewest customers possible. In this way, 
distributed generation, or power generated on-site, has the possibility to improve system 
reliability if harnessed by the grid operators. They examine why distributed generation is 
used primarily by end users as an energy resource for services such as emergency power, 
uninterruptible power, cogeneration, and district energy. Service providers could harness 
the use of direct generation already in place, which could lead to an investment growth in 
distributed generation resources. 
Additionally, according to [18], [19], [23], it is believed that by the end of this 
century the majority of our electric energy will be supplied from renewable energy 
resources. Generators powered from renewable energy resources are typically much 
smaller than traditional power generators ran by fossil fuels and nuclear power. Most 
renewable energy resources are smaller generators, and thus cannot be connected to the 
transmission system because of the expense of high voltage transformers and 
switchgears. Furthermore, the transmission and distribution systems are usually located 
geographically quite far from the generator. Consequently, small generators have to be 
connected to the distribution network, which is known as distributed generation. 
Distributed generation refers to power generation on-site and available at the time of 
consumption. Distributed generation systems are not new technological phenomena. 
Before the arrival of alternating current and large-scale steam turbines, power was 
supplied at or near the location of use for heating, cooling, lighting, and motor power. 
However, technological advances combined with a variety of other variables caused a 
gradual shift away from distributed generation systems toward modern power systems. 
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The gigawatt-scale thermal power plant is typically now located far from its consuming 
urban center and high-voltage transmission and lower voltage distributions lines carry the 
electricity to businesses, facilities, and homes. 
 
1.2.3 Characteristics of Distributed Generation 
Distributed generation, also known as dispersed generation, on-site generation, 
decentralized generation, or embedded generation, is the generation of small amounts of 
electricity from many different sources in close proximity of consumers' premises. 
Examples of distributed generators are renewable energy resources (wind and solar), 
micro turbines, induction generators, synchronous generators, reciprocating engines, and 
combustion gas turbines. This method of energy production eliminates many of the 
traditional problems with transmission and distribution, such as associated complexities, 
inefficiencies, and costs. Distributed generation systems can be used in a utility grid to 
meet local peak loads – obviating the installation of local distribution lines. Typically, 
distributed generation involves low-production (usually 1kW – 10MW) generators. These 
generators are either connected to a distribution system or placed at a site close to the 
electricity consumers [20]. 
In [22], distributed generation is described as a “promising generating 
technology” explaining that its success will come from its ability to quench increasing 
capacity needs. As technology advances and the utility industry is restructured, large 
scale adoption of distributed generation may take place. 
Politically, several factors are coming together to make the adoption of distributed 
generation possible. Policymakers at all levels are looking to restructure the electrical 
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power industry in order to reduce the costs to consumers. It might be too soon to tell what 
the consequences of restructuring will be, but distributed generation seems to have a 
place in the new environment. The competition pool has been increased with the opening 
of retail markets, with much of the competition including distributed generation in their 
models. In addition, utilities which are under performance-based regulation could hedge 
some benefits from improving asset utilization by deploying distributed generation. Open 
market price signals will incentivize companies to shift to distributed generation; 
especially as more sophisticated market techniques (e.g. real time pricing) become 
widespread.  
With anticipated capacity deficits in many regions, politicians are facing major 
obstacles. This has been made more problematic with many long-term projections being 
higher than first thought. The industry in its current state simply is not keeping up. 
Additionally, this is exacerbated by the current transition into open markets. In this in-
between state before full deregulation, speculation is deemed risky. Experts in the 
industry expect capacity deficits leading to delays in projects aimed to increase capacity 
in the near term. There is also the added complexity of applying traditional, central plant 
model approaches to increase local capacities. These methods are slow to establish, 
requiring years to design, approve, and construct. In many cases this also entails large 
investments in transmission and distribution systems. In this wary environment, 
uncertainty has garnered delayed action. Under these conditions, it would not be at all 
surprising if system planners look to distributed generation to tackle at least some of 
these issues. This is due to distributed generation’s ability to be a generation option that 
can avoid the installation of transmission infrastructure since a majority of the power is 
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created on site. This also means that local capacity demands can be more easily targeted 
and relieved since the years of planning and construction are dramatically reduced in 
these more lightweight systems. Indeed, the most economical solution may be small, 
optimally located facilities that offer unique benefits that the power grid cannot provide 
[22], [23]. 
There are several areas of concern for distributed generation, the first of which 
being continuous power. Continuous generation allows for high electrical efficiency, low 
variable maintenance costs, and low emissions. In this application, the distributed 
generation technology is operated at least 6,000 hours a year to allow a facility to create 
some or all of its power on a continuous basis. Distributed generation is currently used 
most often in a continuous power application for industrial manufacturing of food, 
plastics, rubber, metals, and chemical products. Some commercial sectors, such as 
grocery stores and hospitals, also use a continuous power application. In addition, 
distributed generation systems can be used to provide cogeneration or Combined Heat 
and Power (CHP) [20]. 
Cogeneration, like continuous power, is possible when a percentage of the 
distributed generation waste heat is used to generate steam, heat water, heat spaces, or 
serve other thermal needs. In some cases, this thermal energy can be used to operate 
cooling equipment. Cogeneration is very efficient because of the highly accessible 
thermal output and has low variable maintenance costs and low emissions. 
In addition to cogeneration, distributed generation systems provide a significant 
benefits regarding peaking power. In a peaking power application, distributed generation 
is operated between 200-3000 hours a year, which reduces overall electrical costs. 
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Typically, units are operated in high-price periods in order to reduce a utility’s demand. 
This allows power providers to lower rates by evening. Additionally, peaking power has 
a low installation cost, expedited startup, and low fixed maintenance costs. Energy 
companies offer peaking power applications to clients who want cheaper electricity 
during high-price periods. Peaking power units are most commonly used in the 
commercial sector. 
Along with peaking power applications, distributed generation as a form of green 
power in producing electricity while comparatively reducing environmental emissions. 
Green power applications have high efficiency and lower maintenance costs, which 
appeals to customers for moral and political reasons. This is a large draw of distributed 
generation using renewable energy along with another service of premium power, which 
assures customers that they will not experience a lack of energy in the event of power 
failure. The premium power is described in three categories: emergency power systems, 
standby power systems, and true premium power systems. 
Emergency power systems are independent systems that automatically provide 
electricity in the instance that the normal source fails. Emergency systems are used to 
power devices where the loss of power would result in property damage or threatened 
health and safety. Customers of emergency power systems include apartment complexes, 
offices, commercial buildings, hotels, schools, and a wide range of public gathering 
places. 
Standby power systems identify as independent systems that allow a customer’s 
entire facility to continue to operate at full-force in the case of power failure. Standby 
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power systems are critical for airports, military bases, prisons, fire and police stations, 
and dairy farms. 
True premium power system is known as demanded by clients who demand 
power quality that is totally uninterrupted. This requires auxiliary power conditioning 
equipment and emergency power and is therefore not available on a grid. Otherwise, a 
distributed generation technology can be used as the primary power source and the grid 
can be used as a backup. True premium power systems are used by entities with critical 
systems like airlines, banks, insurance companies, communication stations, and hospitals. 
In addition to these services, the placing of distributed generation units in strategic 
locations can help delay the purchases of new distribution lines and substations. 
 
1.2.4 Renewable Energy for Distributed Generation 
Renewable energy describes as energy that obtained from a limitless source, 
which does not include fossil fuels, which are derived from a finite source. Applying 
renewable energy resources at distribution system provides several advantages not only 
for utilities but also for consumers. The pollution produced from renewable energy 
resources is minor compared to other non-renewable energy resources. What is not 
always obvious is that renewable energy facilities typically do not require as much 
maintenance as traditional generators. Renewable energy technologies, such as solar 
thermal electricity, wind turbine power, and photovoltaic power are electric power 
generators that are beneficial for the environment. Generating electric power from 
renewable resources and funneling it into distribution systems is a reasonable approach, 
because generation is located near the load. This is efficient for operation because large 
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land area requirements can be spread throughout the distribution system. Power 
generation from renewable sources installed near loads can reduce system losses, which 
delays the need for further transmission and distribution. This improves power quality 
and reliability in addition to reduction or elimination of the use of fossil fuels. These 
advantages are referred to be as distributed utility benefits. The relatively high capital 
cost of renewable energy is offset by the value of distributed utility benefits. Renewable 
energies are advantageous over nonrenewable energy because they are readily accessible. 
While not all regions have access to fossil fuels, almost every town has access to 
sunlight, wind, and the geothermal power from Earth. Harnessing these accessible 
sources of energy is important because it might be able to offer affordable and abundant 
power to consumers across the globe. Renewable energy will become more economical 
than non-renewable energies as prices for fossil fuels rise. Fossil fuels have become less 
reliable because leading companies are using more expensive and detrimental extraction 
processes to retrieve these limited resources. Renewable energy resources do not have 
these same complications because sources like the sun and wind will never cause spills, 
leaks, or land contamination. Not to mention, renewable energy can be installed almost 
everywhere without expensive power lines because they are able to deliver power 
immediately to the consumer [25], [27]. 
There are some disadvantages holding back renewable energy. One downside of 
renewable energy is that it is harder to generate comparable quantities of electricity to 
those produced by traditional, non-renewable energy resources.  Since renewable 
energies often rely on natural phenomenon, such as the weather, for their power, 
renewable energies might be unreliable. This means that rain will have to fill dams to 
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supply flowing water for hydro-electric generators to work effectively. Furthermore, 
wind turbines need wind to turn the blades and solar collectors need sun to collect heat 
for electricity. The capacity to make energy depends on the availability of these sources, 
which are unpredictable. Finally, the transition to renewable energy resources has 
economic implications. Currently, the cost of traditional fossil fuel generation is cheaper 
than using renewable energy technologies [25], [27]. 
Discussed in the next chapter are the methods of the investigations performed in 
the execution of this work to indicate the implications of the use of renewable energy 
technologies as distributed generation units. These implications affect the operating 
infrastructure of the currently-existing power system and demonstrate the bolstering in 
generation on the grid along with approaching its critical points in the form of overpower 
and overvoltage conditions, a property known as hosting capacity. In order for renewable 
energy technologies to be leveraged safely and to great effect per the indications of the 
current works referenced in this chapter, it is necessary to understand and overcome the 











Chapter Two: Hosting Capacity Methods 
2.1 AC Power Flow, AC Optimal Power Flow, and Hosting Capacity Concept 
2.1.1 AC Power Flow 
In traditional three-phase AC power systems, power is sent from the generation 
site, where it is produced, to the load, where it is consumed. The power must travel 
through multiple network buses and branches. Mathematical approaches in power flow 
studies provide an algorithmic approach for determining bus voltages, figuring out the 
active and reactive powers flowing through the branches, and the steady state conditions 
for generators and loads. Power flow, also known as load flow, models are commonplace 
among power distribution engineers when designing and maintaining power systems.  
Typically, conditions require that the power generated is able to supply both load 
and power loss, that the generators produce power under specified active and reactive 
power limits, that the bus voltages remain within recommended values, and that there is 
no overloading of the transformers and transmission lines. In order to analyze and control 
these conditions, power flow analysis is applied. The analysis is used to compute active 
and reactive power flows in specified modules and to identify any losses [2], [28]. 
Power flow analysis is further employed to ensure that the transfer of power 
through the grid is reliable, economic, and stable. For the most part, analysis techniques 
are iterative, modeling systems using the Newton-Raphson or the Guass-Seidel methods. 
Stochastic search methods are another analysis technique of interest for solving power 
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flow. These algorithms become increasingly complex in distributed, non-traditional 
energy generation sources, such as distributed generation systems. This challenge has 
caused a resurgence of interest in solving power flow problems. Understanding power 
flow problems and solution techniques involves understanding and manipulating the 
complex matrix space, probability functions, and iterative method solutions. 
Power flow problems involve solving a network for voltage and flow values for a 
certain configuration of generators and loads. Arguably, of all the analyses performed on 
power systems, power flow is probably the most important due to its modeling of 
performance in standard operating conditions. In general, it is employed to determine the 
magnitude and phase of each bus voltage in addition to power flows through components 
of the system. To be able to conduct a power flow study, detailed data for the system 
being studied must be available. This includes transformer and transmission line 
characteristics, the network diagram, equipment ratings, and power generation/dissipation 
of each component. Being able to perform this type of analysis can help to establish 
normal operating conditions, and to conversely be able to detect deviant behavior. This in 
turn can enable the instillation of automated protection devices to ensure system security 
and reliability. Because of this ability, power flow studies are significant in expansion 
design, stability, and efficiency optimization [26]. 
In calculating the power flow, the phase of the voltage at the reference bus is 
considered known while power generated at the slack bus is considered unknown. This 
must be done to prevent over constraining the problem. All other generation buses are 
termed PV buses and are specified values for active power injection and voltage 
 
17 
magnitude. All non-generation buses are classified as PQ buses since the load’s active 
and reactive powers (𝑃𝐷𝑎𝑛𝑑𝑄𝐷) are given – these buses have their active and reactive 
power injection given. 
Whereas traditional circuit analysis focuses on voltage and current, power flow 
studies tend to focus on the different forms of AC power – reactive, active, and apparent. 
Additionally, power flow studies consist of simplified diagrams that use a per-unit system 
and one-line diagrams and are used to study steady-state operation. Calculating 
commercial power systems manually is cumbersome and time-intensive. In between the 
late 1920’s and early 1960’s, network analyzers were built to solve large-scale systems 
with digital computers replacing traditional analog methods. Numerical methods are 
usually employed to obtain solutions that are within acceptable tolerances. Numerical 
methods must be used due to nonlinear dynamics in the system [2], [35]. 
It is well known and understood that power flow studies are needed for 
determining the best course of operation for existing systems and for designing future 
expansions of a system. Furthermore, it is a crucial step in the engineering of a new 
power system. Since the computations are nonlinear and mathematically difficult to 
acquire analytic solutions for, numerical iterative techniques, such as the Newton-
Raphson and Gauss-Seidel methods are used. There are numerous benefits to be gained 
from using the Gauss-Seidel method over the Newton-Raphson methods. For example, 
the simplicity of calculation can lead to reduced computational costs which in turn could 
allow for implementation in small devices. On the other hand, the Gauss-Seidel method 
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requires more iteration. For large enough systems the Gauss-Seidel method ends up 
taking too long to converge, making it unsuitable for analyzing large systems. 
The Newton-Raphson method has its own set of distinct benefits over the Gauss-
Seidel method. The Newton-Raphson method is more reliable and tends to be faster since 
it requires fewer iterations. Drawbacks of the Newton-Raphson method are mostly in the 
computational costs – requiring more memory and larger and more complicated programs 
[28], [30]. 
It is possible to define the structure and nature of the AC power system as the 
solving of each bus in a system for four variables. These variables are the active power, 
reactive power, voltage magnitude, and voltage phase angle. While the system is in 
operation, every bus has two known and two unknown variables. Each bus is therefore 
classified on the basis of which variables are known for that bus. In each system, there is 
a single slack bus, which produces a reference voltage signal. In this bus, the magnitude 
of the voltage and its phase angle are known, whereas powers are computed through the 
power flow calculations. Since this bus is used as a reference, it is imperative that the 
rating of the generator connected to it be high relative to others in the system – assuring 
that the assumptions we are making are not too far off the mark. Ideally, the voltage 
magnitude and phase of this bus is always controlled, remaining constant during 
operation. The slack bus is responsible for covering the losses in the system in addition to 
normally assigned generation. 
A second type of bus, termed a load bus (PQ) is one where the bus has no 
generator connected to it and where the power is specified, both active and reactive. 
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Through the power flow computations, the voltage magnitude and angle are solved 
within a certain range of confidence. Neither the active power nor the voltage can be 
controlled in this bus since there is no generator connected to it. Instead, the load 
connected to this bus determines, unpredictably, the active and reactive power. To 
remove the uncertainty and find a solution to the power flow problem, the active and 
reactive powers within the bus are assumed known [2], [28], [30]. 
The third bus type, the voltage-controlled bus (PV) is connected to a generator; 
the real power and the voltage magnitude are specified according to the generator’s specs. 
Reactive power generation and phase voltage of the bus are the factors calculated for 
using power flow analysis. Voltage magnitude of this bus while in operation is constant. 
Per satisfaction of economic system operation, supplied active power is constant. 
Typically, a generator is connected to a PV bus where the power is specified by a prime 
mover control and the voltage is specified using excitation. Occasionally, the voltage can 
be controlled by connecting a VAR device and varying the injected VAR value to the 
bus. 
Table 1: Bus Types and Their Parameters 
Bus Type Known Quantities Unknown Quantities 
Slack/Swing/Reference bus 𝑉 , 𝛿 𝑃 , 𝑄 
Control PV bus 𝑃 , 𝑉 𝑄 , 𝛿 
Load PQ bus 𝑃 , 𝑄 𝑉 , 𝛿 
 
There are four quantities associated with each bus in a power system. These 
values are the magnitude of voltage (V), the angle of voltage (δ), active power (P), and 
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reactive power (Q). Governing these variables, there are two equations for each bus. Thus 
two values are specified for each bus to be able to sufficiently constrain the problem. If 
there are N buses in a power system, there will be 2N non-linear equations to be solved 
that involve trigonometric relationships and products of variables. 
First, the bus admittance matrix can be defined by: 

















 =  𝐺 +  𝑗 𝐵 
 
Here, the elements of 𝑌𝑏𝑢𝑠  are: 
 Diagonal elements: 𝑌𝑘𝑘 =  𝑠𝑢𝑚 𝑜𝑓 𝑎𝑑𝑚𝑖𝑡𝑎𝑛𝑐𝑒𝑠 𝑐𝑜𝑛𝑒𝑐𝑡𝑒𝑑 𝑡𝑜 𝑏𝑢𝑠 𝑘 
 Other elements:𝑌𝑘𝑛 = −(𝑠𝑢𝑚 𝑜𝑓 𝑎𝑑𝑚𝑖𝑡𝑎𝑛𝑐𝑒𝑠 𝑐𝑜𝑛𝑒𝑐𝑡𝑒𝑑 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑏𝑢𝑠𝑒𝑠 𝑘 𝑎𝑛𝑑 𝑛; 𝑘 ≠ 𝑛) 
 
Assuming a system having n buses, the injected current to the bus (node) k can be 
expressed as: 







The complex power that transported to bus k: 
𝑆𝑘 = 𝑃𝑘 + 𝑗𝑄𝑘 = 𝑉𝑘𝐼𝑘
∗ 
The power flow solution can be rewritten in one summation: 








Power balance equation can be use to solve the AC power flow and find the active 
and reactive power for each bus. The active power balance equation can be written as: 
𝑃𝑘 =  𝑉𝑘  𝑉𝑛  (𝐺𝑘𝑛 𝑐𝑜𝑠 𝜃𝑘𝑛 + 𝐵𝑘𝑛 𝑠𝑖𝑛 𝜃𝑘𝑛 )
𝑁
𝑛=1
𝑓𝑜𝑟 𝑘 = 1,2, … , 𝑁 
 Where:  
 𝑃𝑘 is the power injected at bus k (in MW). 
 𝐺𝑘𝑛 is the real part of the element in the bus admittance matrix corresponding to 
the nth row and kth column. 
 𝐵𝑘𝑛  is the imaginary part of the element corresponding to the kth row and nth 
column. 
 𝜃𝑘𝑛  is the difference in voltage angle between the kth and nth buses. 
 
The reactive power balance equation is: 
𝑄𝑘 =  𝑉𝑘  𝑉𝑛 𝐺𝑘𝑛 𝑠𝑖𝑛 𝜃𝑘𝑛 + 𝐵𝑘𝑛 𝑐𝑜𝑠 𝜃𝑘𝑛  
𝑁
𝑛=1
𝑓𝑜𝑟 𝑘 = 1,2, … , 𝑁 
Where: 
 𝑄𝑘 is the reactive power injected at bus k(in MVAR). 
 𝐺𝑘𝑛 is the real part of the element in the bus admittance matrix YBUS corresponding 
to the nth row and kth column. 
 𝐵𝑘𝑛  is the imaginary part of the element in the YBUS corresponding to the kth row 
and nth column. 




2.1.2 AC Optimal Power Flow 
In order to obtain optimal power flow, it is first necessary to define the specifics 
of the problem. An economic and reliable power flow will be obtained from optimal 
power flow (AC OPF) problem. AC OPF is complex on all fronts – electrically, 
economically, and computationally. It is electrically complex because the power flow is 
AC which introduces nonlinear dynamics. It is economically complex because achieving 
market equilibrium involves multi-part nonlinear pricing. It is computationally complex 
because there are non-convexities and mixed analysis involving continuous functions and 
binary variables. All these complications make the problem extremely difficult to solve. 
Power systems must be able to rebound from the loss of a transmission element or a 
generator. Complications arise because operator decisions involve binary variables such 
as to assess whether or not rebooting transmission assets is a valid response to events in 
the system. From the investment and planning perspective, the problem requires a 
multiple year timescale and binary investment variables. Fifty years after the initial 
formulation of the problem, there still does not exist a robust and rapid solution for 
ACOPF. Several tools are used to guide our reasoning, however, such as decompositions, 
approximations, and engineering judgment. Today’s solution techniques are superior to 
their predecessors but at a cost of tens of billions of dollars per year. Additionally, 
environmental harm from wasted energy and unnecessary emissions may result. Security 
constraints tend to prefer corrective actions instead of preventive ones when possible. 
When preventive constraints are applied, conservative operation of the system is used to 
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be able to survive the loss of any element of the system (transmission or generator). On 
the other hand, constraints that are corrective tend to reconfigure the system with ultra-
rapid equipment such as remedial action schemes or protection systems that immediately 
respond to a loss of a transmission element or a generator. Corrective constraints allow a 
system to be pushed closer to its limits much more reliably. Current state of the art 
involves solving the problem through levels of application that depend on the time scale 
required and the application involved. It is anticipated that it will be possible to reduce 
approximations and to utilize the benefits of parallel computing once computing power 
increases. Computationally, the challenge today is to speed up solution times by up to 
three to five orders of magnitude. Recently, there has been promising evidence that these 
figures could be achieved in five to ten years. One example in support of this has been the 
improvement in speed of mixed-integer programming (MIP). What would have taken ten 
years in the 90’s now takes one minute to solve [31]. 
In steady state power systems network calculations, optimal power flow has been 
one of the fundamental classes of problems. Thousands of small-scale OPF projects over 
the last 50 years have chosen to divert their attention to the matter. Many of these 
projects simplifying their problem formulations so much that they encroach onto the 
domain of mathematics more so than engineering. Dozens of large-scale projects aimed 
at developing efficient and versatile OPF calculation software have been attempted. 
These projects have not proved to be successful or easy. However, developing industrial-
quality OPF programs that can provide better solutions can have great rewards. OPF can 
be a sub-function of a larger problem or it can be a calculation of its own. One of the 
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biggest challenges in developing calculations is in anticipating what the solution 
requirements of power system users will be. The problem is made much more complex 
by these requirements from the users. In general, OPF calculations will try to optimize a 
given objective, be it a planning, reliability, or cost objective, by specifying control 
values for power flow in the power network without violating any constraints specified 
by power flow solutions or constraints set by the equipment specs. OPF, similar to 
conventional power flow analysis, will determine injected power, voltage, and current in 
an electrical power system while operational. In contrast to conventional power flow, 
however, OPF will work without being fully constrained – which leads to multiple 
solutions to a given system. OPF will then try to optimize its solution space through 
iteration in order to advance the objective [32]. 
In a broad sense, OPF problems are non-convex, nonlinear, large scale 
optimization problems that can process both discrete and continuous control variables. 
Many OPF formulations have been produced that are able to address specific variations. 
Each specific variation selects from different controls, system constraints, and objective 
functions. Results for specific formulations are referred to by many names depending on 
their specific circumstances. Regardless of the name, if power flow equations are 
included in the constraints of the power system optimization, it may be cataloged as a 
form of OPF. 
Many distinct OPF solutions have been developed – each corresponding to a 
different set of constraints and objectives. Most programming techniques applicable to 
OPF have been attempted, leading today’s state of the art techniques capable of reliably 
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solving OPF problems. The current toolkit for OPF studies is versatile and presents many 
techniques widely applied to industrial problems, e.g. voltage control and constrained 
economic dispatch problems. Unfortunately, OPF problems that occur in the industry are 
much more difficult than the problems being considered currently in OPF. OPF methods 
in different engineering applications vary significantly in the way they adapt to the 
challenging requirements. To date, however, there has yet to be a single solution capable 
of solving all the different forms of OPF problems [31]. 
The optimal solution of the power system is to minimize the total fuel cost of the 
generation power where the power balance of the system and generation limits need to be 
considered[33], [36]. The generated power should be the same as the total load demand 












 𝑃𝐺𝑖 is the active power of generator i (in MW). 
 𝑁𝐺 is the number of generators in the system. 
 𝑃𝑙𝑜𝑎𝑑 is the total active load of the system (in MW). 
 𝑃𝑙𝑜𝑠𝑠 is the transmission losses of the system (in MW). 
 












 𝑄𝐺𝑖 is the reactive power of generator i (in MVAR). 
 
26 
 𝑁𝐺 is the number of generators in the system. 
 𝑄𝑙𝑜𝑎𝑑 is the total reactive load of the system (in MVAR). 
 𝑄𝑙𝑜𝑠𝑠 is the transmission losses of the system (in MVAR). 
 
The OPF problem is formulated as an optimization problem such that the total 
generation fuel cost function, which is subject to the inequality constraint on generation 
and the generator limits, is expressed as: 
𝑚𝑖𝑛 𝑓 𝑥, 𝑢 =  𝐹𝐺𝑖 (𝑃𝐺𝑖)
𝑁𝐺
𝑖=1
       $/𝑕𝑟 






 𝐹𝐺𝑛 (𝑃𝐺𝑛 ) is the fuel cost function of ith generator. 
 α, β and γ are the cost coefficients of ith generator. 
 𝑃𝐺𝑛  is the active power generation of ith generator. 
 𝑁𝐺 represents the number of generators connected in the network. 
 
Subject to satisfaction of nonlinear equality constraints: 
𝑔(𝑥, 𝑢) = 0 
And nonlinear inequality constraints: 
𝑕 𝑥, 𝑢 ≤ 0 
𝑢𝑚𝑖𝑛 ≤ 𝑢 ≤ 𝑢𝑚𝑎𝑥  
𝑥𝑚𝑖𝑛 ≤ 𝑥 ≤ 𝑥𝑚𝑖𝑛  
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f(x, u) is total cost function which is the scalar objective, g(x, u) represents 
nonlinear equality constraints (power flow equations), and h(x, u) is the nonlinear 
inequality constraint of vector arguments x, u. 
 
The vector x contains dependent variables consisting of: 
 







The nonlinear equality and inequality variables are[36]: 
 Bus voltage magnitudes and phase angles. 
 MVAR output of generators designated for bus voltage control. 
 Fixed parameters such as the reference bus angle. 
 Non-controlled generator MW and MVAR outputs. 
 Non-controlled MW and MVAR loads. 
 Fixed bus voltages, line parameters. 
 
The nonlinear equality and inequality constraints are:  
 Limits on all control variables  
 Power flow equations  
 Generation / load balance  
 Branch flow limits (MW, MVAR, MVA)  
 Bus voltage limits  
 Active / reactive reserve limits  
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 Generator MVAR limits  
 Corridor (transmission interface) limits  
 
Based on [34], the following factors are involved with solving the optimal power 
flow problem: 
1- The inequality constraint for the generator power of each generator should fall 
between the maximum and minimum limits. 
 - The inequality constraint for the active power for each generator is 
represented by where 𝑃𝐺
𝑚𝑖𝑛 and 𝑃𝐺
𝑚𝑎𝑥 are the minimum and maximum operation 
of the generating unit i (in MW). 
𝑃𝐺𝑖
𝑚𝑖𝑛 ≤ 𝑃𝐺𝑖 ≤ 𝑃𝐺𝑖
𝑚𝑎𝑥  
 - The inequality constraint for the reactive power for each generator is 




are the output of the minimum and 
maximum operation of the generating unit i (in MVAR). 
𝑄𝐺𝑖
𝑚𝑖𝑛 ≤ 𝑄𝐺𝑖 ≤ 𝑄𝐺𝑖
𝑚𝑎𝑥
 
2- The inequality constraint for voltage magnitude for each generator in each bus of (i): 
𝑉𝑖
𝑚𝑖𝑛 ≤ 𝑉𝑖 ≤ 𝑉𝑖
𝑚𝑎𝑥  
3- The inequality constraint for voltage angles for each voltage magnitude in each bus: 
𝛿𝑖
𝑚𝑖𝑛 ≤ 𝛿𝑖 ≤ 𝛿𝑖
𝑚𝑎𝑥
 
4- The active power flow limits of each line n: 
|𝑃𝑃𝐿𝑛 | ≤ 𝑃𝑃𝐿𝑛
𝑚𝑎𝑥  
5- The reactive power flow limits of each line n: 





To conclude, it can be summarized that in solving optimal power flow, the 
problem is to determine a set of control variable such that the total objective function 
over any stage is minimized subject to specific defined constraints on control variables. 
 
3.1.3 Hosting Capacity 
If a new generator or load is added to a distribution network, the power flow will 
be affected [6]. Network performance may become better or worse for consumers already 
connected to the network. This impact leads to the need to define the concept of hosting 
capacity, or the amount of production or consumption that is able to be introduced to the 
network without jeopardizing quality or system reliability for consumers [1]. 
Distribution networks and the components within them often place restrictions on 
the over amount of local generation that the system can permit. Hosting capacity is the 
upper limit on this restriction. Going above this limit can lead to overloading of 
components, shortening the lifetime of the components or, worse yet, leading to system 
failure. Defined more formally, hosting capacity is the maximum distribution generation 
for which the system will still meet network planning practices and design criteria during 
operation.  
As a direct result of its definition, it is easy to see that the hosting capacity will 
depend strongly on how the acceptable limits will be defined. In general as generation 
increases the overall system performance will be impacted. System operators are not 
interested in an arbitrary decrease; rather, the hosting capacity is defined as when the 
decrease in system performance becomes unacceptable.  
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In order to evaluate the hosting capacity, first of all it is necessary to decide upon 
relevant performance indices, which will vary depending on the study. These indices will 
indicate whether the working conditions of the network are acceptable or unacceptable. 
The hosting capacity limit is the most severe value that a performance index can attain. 
When this limit is achieved, the electrical network will be operating under inadmissible 
conditions. 
The hosting capacity depends on a number of parameters: 
 Overvoltage limits that have the most significant influence 
 Overload limits. 
 Over-current limits 
 Transformer limits. 
 Frequency limits 
 Protection limits 
 Consumers and customer service specifications 
 Economic limits based on investment costs 
The hosting capacity determination of power systems is the primary purpose of 
this work. The limits chosen are those of highest concern to network reliability and 
security, specifically the top physical constraints of the list above. Several different 
network structures are considered, each with varying situations of load and initial 
generation. Distributed generation units were added under various, simulated, real-time 
conditions to dynamically determine performance and deterioration based on added 
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generation. Several solution computation directions were attempted to obtain accurate 









Chapter Three: Proposed Hosting Capacity Model 
3.1 Hosting Capacity Approach 
In order to use the concept of hosting capacity in practice, each quantity affected 
by distributed energy resource (DER) deployment –i.e., harmonic distortion, 
voltage/frequency stability, voltage variations, protection operation, etc. – must be 
modeled by a number of performance indices. Each of these indices has a definition of its 
boundaries, that is, where acceptable deviation is defined. When any of these indices goes 
out of bounds for a given capacity, that is the point at which the hosting capacity has been 
reached.  
There are many advantages to using the hosting capacity approach to study 
distributed generation systems. One such advantage is the ability to determine how 
exactly adding new capacity to the system affects the system performance. Additionally, 
the method can shed light on which locations are favored for the instillation of distributed 
generators. Maximal configurations can thus be extracted from the results. Perhaps more 
importantly, however, is the results that can be garnered that pinpoint where and at what 
level the system will fail once hosting capacity is reached, thereby indicating in what area 
improvements must be made before additional capacity can be supported. 
Hosting capacities for all performance indices must be studied to figure out where 
the limits are for new DER generation of a given network. Additionally, it is necessary to 
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discover how far the hosting capacity can be increased by gathering and analyzing real-
time information about performance indications governing hosting capacity. 
Starting from the definition of hosting capacity – the amount of production 
beyond which performance is deemed unacceptable – it is possible to calculate the 
hosting capacity using the following method [1]. 
 Choose one or more performance indices. 
 Determine acceptable limits. 
 Vary the amount of distributed generation and calculate the resulting 
performance indices using AC power flow analysis. 
 Find the boundaries of the amount of production where a performance 
index will veer from acceptable limits. 
 Obtain the hosting capacity.  
There are two ways to apply the hosting capacity approach to a system, both of 
which have been performed here. The first method uses the average values for active and 
reactive powers at each bus. This is a rapid method for finding a rough idea of hosting 
capacities. Essentially, this method finds the hosting capacity for the system when it is 
running at average load and generative power everywhere. The second method is to run 
random loads simulation of the system where multiple trials are run, each with its active 
and reactive powers at each bus are varied according to a probability distribution. For 
each trial, the hosting capacity analysis is performed. To get the final hosting capacity, 
the minimum values of the hosting capacity for each bus from all the trials are collected. 
This ensures a more conservative and robust result for hosting capacity that can work for 
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a range of operating conditions; however, more computational time is required for this 
type of analysis. 
In order for the concept of hosting capacity to be useful, it is necessary to define 
the performance indicators appropriately. Prudent choice of the limits of the performance 
indices is also important to obtaining a useful hosting capacity. 
The above approach, with slight modification, can give the hosting capacity for 
each performance index. More generally, it can give the hosting capacity for different 
phenomenon, e.g. overload and overvoltage. The lowest of these hosting capacities 
represents the maximum capacity that can be added to the system before additional 
investments must be made to reduce the capacities impact onto the performance index. 
This can help pinpoint what needs to be done to improve the system. Improvements to the 
system would affect how the index functions relate to the production, and therefore the 
value of hosting capacity. 
Hosting capacity is a quantity that opens up an honest dialogue between 
stakeholders and promotes transparent balancing between their competing interests. For 
instance: 
 Assuring reliability and voltage quality for customers. 
 Breaking down barriers against new generation. 
 Assuring appropriate costs for network operators. 
  
Choosing different values of the overvoltage limit will determine the value of the 
hosting capacity. The choice of overvoltage limit is extremely important as the hosting 
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capacity is directly proportional to the overvoltage margin. In practice, the overvoltage 
rarely goes over a few percent of the voltage magnitude limits. 
Cables in distribution systems have set limits on how much current can be passed 
through them. This limit is determined by material properties of current carrying parts, 
such as the thermal rating. Introducing wind power to the system can impact the loading 
level either positively or negatively. If wind power capacity is low compared to the 
overall load in the system, the power flow through the network can be reduced – relieving 
thermal stress on the system. 
 
3.2 Hosting Capacity at average load 
The procedure for finding the hosting capacity of a system at average load and 
generation values is shown below as a flowchart in Figure 3.1. The procedure begins by 
initializing the data of the system, providing the average load values for active and 
reactive power. Next, the limits for voltage magnitude and power flow are collected for 
each bus and line in the system. Once these values are known, the consequence of adding 
distributed generators to the system are considered. To start, bus one is selected for 
consideration. DGs are added stepwise onto the bus. After each step up in the amount of 
distributed generations, the AC Power flow equations are applied using Newton-Raphson 
method to solve voltage magnitudes at every bus and power flows through every line. 
The Newton-Raphson method is used because of its ability to rapidly solve nonlinear 
systems. These values are compared to the voltage magnitude and line capacities limits 
that were collected earlier in the procedures. If these values remain within acceptable 
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limits of voltage and flows then another unit step of distributed generation is added and 
the AC power flow analysis is repeated. If, however, any of these values lies outside of 
the acceptable range of voltage magnitude or power flows, the amount of distributed 
generations in that bus is decreased by one step-size, recording this number as the hosting 
capacity at bus one. Next, distributed generations in bus two are added stepwise and the 
analysis is conducted again until the hosting capacity for bus 2 is resolved. The purpose 
of calculating AC power flow at each additional distributed generation is to track all 
changes in the system. This process is continued for subsequent busses until all busses 
have been considered in the analysis. The highest numbers (the maximum capacity of 
each bus) for all buses are the results of the hosting capacity flowchart.  
The acceptable voltage magnitude and power flow limits for the system are 
determined by the limits of the components of the system. Another important factor to 
consider is the unit step size for the addition of more distributed generations onto a bus. 
Having too small of a step size might increase the computational time to impractical time 
scales. If the step size is too large, however, the error of the total hosting capacity will be 
larger. In general, a good step size should correspond to the amount of power added to a 
bus from a typical distributed generation system. 
In order to increase the acceptable number of distributed generations, 0.9 lagging 
and unity PF are tested with the same procedure to see the differences in the final results 
of the hosting capacity. The hosting capacity for both 0.9 lagging and unity PF distributed 
generations is the same with respect to the active power flow limits. However, when it 
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comes to voltage magnitude, nullifying the effects of reactive power will significantly 






Figure3.1: Hosting Capacity Flowchart at average load. 
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3.3 Hosting Capacity at random loads 
The procedure for finding the hosting capacity for randomized loads of a system 
is shown in Figure 3.2. The advantage of using randomized loads of a system is in its 
ability to give a more conservative estimate of the hosting capacity by trying a varied set 
of probable operating conditions. If the hosting capacity is set to the lowest values from 
all trials performed, the system will be much more likely to operate within limits, even 
when some deviations from average behavior occur in the system. The drawback, 
however, is in the amount of computations required to perform this procedure. It is more 
time consuming to execute this method when compared to the method outlined in section 
3.2.This procedure starts, as in the procedure for finding hosting capacity using average 
power loads, by initializing the data of this system and calculating the voltage magnitude 
and power flow limits of the system. Next, N random trials, each of which randomizes 
the generation and load active and reactive powers, are initialized. The AC optimal power 
flow for each of the N loads is then calculated optimizing for economic dispatch, where 
economic dispatch is the determination of optimal outputs of the system to meet the 
operational system load at the lowest possible cost.  
After completing the OPF calculations, select trial one for consideration. Within 
each randomized load and its generators values, the same analysis that was performed for 
the hosting capacity of average loads is performed. Namely, bus number one is first 
considered. Distributed generators are added stepwise onto the bus. After each of these 
steps, the AC Power flow is calculated using Newton-Raphson methods to resolve 
voltage magnitude at every bus and power flows at every line. The Newton-Raphson 
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method is used because of its ability to rapidly solve nonlinear systems. These values are 
compared to the limits that were collected earlier in the procedures. If these values 
remain within acceptable limits of voltage magnitude and power flows, then another unit 
step of distributed generation is added to that bus and the AC PF analysis is repeated. If, 
however, any of these values lies outside of the acceptable range of voltage magnitude or 
power flows, the amount of distributed generations in that bus is decreased by one step-
size, recording this number as the hosting capacity at bus one. Next, distributed 
generations in bus two are added stepwise and the analysis is conducted again until the 
hosting capacity for the second bus is resolved. This process is continued for subsequent 
busses until it all busses have been considered in the analysis. The highest numbers (the 
capacity of each bus) at are the results of the hosting capacity flowchart.  
Individual hosting capacity results are tabulated for each trial. To calculate the 
final values of the hosting capacity for each bus, the minimum hosting capacity values 
from all N trials are picked. This makes sure that conservative values for hosting capacity 
are selected as the minimum from all of the trials will tend to err on the side of caution.  
Considerations for this analysis are similar to the HC procedure for average loads. 
These are that the acceptable voltage magnitude and power flow limits for the system are 
determined by the limits of the components of the system, and that the selection of unit 
step size for the addition of more distributed generations onto a bus is important. Having 
too small of a step size might increase the computational time to impractical time scales. 
If the step size is too large, however, the error of the hosting capacity will be larger. In 
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general, a good step size should correspond to the amount of power added to a bus from a 













Chapter Four: Numerical Studies 
The case studies measure the hosting capacity for IEEE six-bus systems and IEEE 
118-bus system. These systems are limited by voltage magnitude and line capacity; the 
hosting capacity is the largest production capacity for which these values violate their 
limits. The objective of these case studies is to find the optimal amount of distributed 
generators to be added to a distribution network. Due to the lack of standard test data of 
distribution systems, the proposed studies use standard power systems covering the 
transmission network information. However, the proposed model and conclusion are 
applicable to distribution systems.  
The first case study uses a step size 1.0 + j 0.48 MVA of the wind turbine (WT) 
production at 0.9 lagging power factor (PF) for the IEEE six-bus system. The second case 
study uses step size 1.0 MW with unity PF for the IEEE six-bus system. The third case 
study applies both step sizes to the IEEE 118-bus system. In appendix B, the three case 
studies are shown with two unit steps of 2.3 + j 1.11MVA with 0.9 lagging PF and 
2.3MW with unity power factor to demonstrate the accuracy of the findings. 
Both the IEEE six-bus and 118-bus systems are tested at average load: 175 + j 50 
MVA for the IEEE six-bus system and 4242 + j 1438 for IEEE 118-bus system. Both 
systems are also tested at random loads: 1000 for the IEEE six-bus system and 100 for 
IEEE 118-bus system due to time limits. The results demonstrate the maximum values of 
 
44 
distributed generation and the best location for systems to apply maximum acceptable 
distributed generators in all scenarios. 
4.1 IEEE six-bus system with 0.9 lagging PF DGs 
The IEEE six-bus system has 6 buses and 7 branches. The OPF is used to find the 
best economical cost of the operation of the production units. Then, the generation values 
are applied to determine hosting capacity at each random load. The lowest hosting 
capacity at 1000 random loads is also determined. The IEEE six-bus system is shown in 
Figure 4.1. 
At 1000 random loads, the loads data that used in IEEE six-bus system: 
- The maximum active load power used is 249 MW 
- The minimum active load power used is 115 MW 
- The maximum reactive load power used is 67 MVAR 
- The minimum reactive load power used is 31 MVAR 
- The time needed to reach the lowest hosting capacity values for the 1000 
random loads is 706 min 
 
Figure 4.1 : IEEE six-bus system. 
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4.1.1 Hosting Capacity at average load with 0.9 lagging PF 
PLoad = 175.2 + j 50.37 MVA 
The unit step of the distributed generations wind turbine (WTgen) = 1.0 + j 0.48 MVA. 
Table 4.1: load, generators data and HC OV and OL limits at average load IEEE six-bus system (NV = no 
violations). 

















4 5 6 
1 0.00 0.00 
2 0.00 0.00 1 110.25 16.87 Unit
# 3 35.04 10.07 2 15.25 14.61 
4 70.08 20.15 6 50.00 34.95 OV NV 1155 20 170 146 1095 
5 70.08 20.15 Total 175.49 66.43 
6 0.00 0.00 OL NV 379 246 89 118 169 
Total 175.2 50.37 
 
The Table 4.1 shows the hosting capacities found for adding generation units with 
0.9 lagging PF to a single bus. It can be seen that if only overvoltage is considered the 
hosting capacities for buses 2, 4, 5, and 6 would be quite high. However, the system 
would not function due to overvoltage and thus the hosting capacities on those buses are 
greatly reduced. It is the minimum between overload and overvoltage limits that must be 
considered. Figure 1 illustrates this relationship. Note that bus 3 was more limited by 
overvoltage than overload indicating that it is very sensitive to added generations. 
 



































Figure4.3 displays performance index results derived from varying the amount of 
power (in MW) derived from distributed generation. Power factor of distributed 
generation was lagging 0.9. The performance indices were taken to be the voltages of the 
busses. The limits of these voltages are shown as dashed (minimums) and dotted 
(maximums) lines. Once any voltage performance index has reached its limits, sweeping 
of distributed generation halts. The amount of capacity at the halting point is taken to be 
the overvoltage capacity limit of the system. These values of overvoltage capacities are 
reported in Table 4.1 and Figure 4.3. 
 
 
Figure 4.3: Voltage magnitude limits at each bus in IEEE six-bus system with 0.9 lagging PF. 
 
Figure 4.4 displays power performance index results as a function of distributed 
generation power in MW with 0.9 lagging PF. Limits of the performance indices are 
shown in dashed and dotted lines. The value at which any of these indices reaches their 
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limits is taken as the hosting capacity overloading limits for that bus (compare with 
Figure 4.3 and Table 4.1 above). 
 
 
Figure 4.4: Power flow limits at each bus in IEEE six-bus system with 0.9 lagging PF. 
 
 
4.1.2 Applying DGs in one and multiple locations at same time at the average 
load 
Table 4.2 shows the number of distributed generations that can be added to the 
system at average load, when adding distributed generators to only one location at a time. 
These results are similar to the results derived in part 1. These values represent the 






(1) The assumption of adding DGs at one bus at time: 
Table 4.2: HC with Adding DGs at one location at time. 
Bus # The number of DG Units that can be added the system at average load (in MW) 
Bus 1 0 0 0 0 0 
Bus 2 379 0 0 0 0 
Bus 3 0 19 0 0 0 
Bus 4 0 0 89 0 0 
Bus 5 0 0 0 118 0 
Bus 6 0 0 0 0 169 
Total 
DGs(MW) 
379 19 89 118 169 
 
Figure 4.5 graphically illustrates the information in Table 4.2. The x-axis shows 
the different busses that are connected with distributed generations. Each category only 
involves adding distributed generations to one bus. The orange bars represent the total 
hosting capacity, while the other bars represent hosting capacities from specific busses.  
 
Figure 4.5: HC with connecting 0.9 lagging PF. DGs at one bus. 
 
 






































Table 4.3 shows the number of distributed generations that can be added to the 
system at average load, when adding DGs to two locations at a time. Every permutation 
is considered since some interactions occur when adding distributed generations to more 
than one bus, the calculations must be performed again to account for this. Total hosting 
capacity is maximized in each case and the distributed generation capacity for each 
individual bus is shown for this maximal case. 
Table 4.3: HC with Adding DGs at two locations at time. 
Bus # The number of DGs that can be added the system at average load (in MW) 
Bus 1 0 0 0 0 0 0 0 0 0 0 
Bus 2 372 321 353 368 0 0 0 0 0 0 
Bus 3 12 0 0 0 20 20 28 0 0 0 
Bus 4 0 89 0 0 90 0 0 130 171 0 
Bus 5 0 0 41 0 0 111 0 40 0 57 
Bus 6 0 0 0 18 0 0 169 0 116 142 
Total 
DGs 
384 410 394 386 110 131 197 170 287 199 
 
Figure 4.6 graphically illustrates the information in Table 4.3. The x-axis shows 
the different busses that are connected with distributed generations. Each category 
involves adding distributed generations to exactly two busses. The orange bars represent 
the total hosting capacity, while the other bars represent hosting capacities from specific 




Figure 4.6: HC with connecting DGs at two buses. 
 
(3) The assumption of adding DGs at three different buses at the same time: 
Table 4.4 shows the number of distributed generations that can be added to the 
system at average load, when adding distributed generations to three locations at a time. 
Every permutation is considered. Since some interactions occur when adding distributed 
generations to more than one bus, the calculations must be performed again to account 
for this. Total hosting capacity is maximized in each case and the distributed generation 
capacity for each individual bus is shown for this maximal case. 
Table 4.4: HC with Adding DGs at three locations at time. 
Bus # The number of DGs that can be added the system at average load (in MW) 
Bus 2 288 339 350 122 111 153 0 0 0 0 
Bus 3 19 17 19 0 0 0 9 12 12 0 
Bus 4 110 0 0 57 59 0 61 77 0 63 
Bus 5 0 38 0 6 0 17 15 0 19 17 
Bus 6 0 0 13 0 15 1 0 49 65 46 
Total 
DGs 
417 394 382 185 185 171 85 138 96 126 
 
Figure 4.7 graphically illustrates the information in Table 4.4. The x-axis shows 


























































involves adding distributed generations to exactly three busses. The orange bars represent 
the total hosting capacity, while the other bars represent hosting capacities from specific 
busses. Every permutation is considered. 
 
Figure 4.7: HC with connecting DGs at three buses. 
 
(4) The assumption of adding DGs at four different buses at the same time: 
Table 4.5 shows the number of distributed generations that can be added to the 
system at average load, when adding distributed generations to four locations at a time. 
Every permutation is considered. Since some interactions occur when adding distributed 
generations to more than one bus, the calculations must be performed again to account 
for this. Total hosting capacity is maximized in each case and the distributed generation 
capacity for each individual bus is shown for this maximal case. 
Table 4.5: HC with Adding DGs at four locations at time. 
Bus# The number of DG Units that can be added the system at average 
load (in MW) 
Bus 2 279 257 315 282 0 
Bus 3 9 18 18 0 28 
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Bus 5 10 0 32 15 10 
Bus 6 0 19 27 9 113 
Total DGs 424 424 392 427 322 
 
Figure 4.8 graphically illustrates the information in Table 4.5. The x-axis shows 
the different busses that are connected with distributed generations. Each category 
involves adding distributed generations to exactly four busses. The orange bars represent 
the total hosting capacity, while the other bars represent hosting capacities from specific 
busses. Every permutation is considered. 
 
 
Figure 4.8: HC with connecting DGs at four buses. 
 
(5) The assumption of adding DGs at five different buses at the same time: 
Table 4.6 shows the number of distributed generations that can be added to the 
system at average load, when adding distributed generations to all five locations at a time. 
Since some interactions occur when adding DGs to more than one bus, the calculations 
must be performed again to account for this. Total hosting capacity is maximized in each 
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Table 4.6: HC with Adding DGs at five locations at time (NV = no violations). 
Bus# The number of DG Units that can be added the 
system at average load (in MW) 
Bus 1 NV 
Bus 2 261 
Bus 3 19 
Bus 4 137 
Bus 5 9 
Bus 6 1 
Total DGs 427 
 
Figure 4.9 graphically illustrates the information in Table 4.6. The x-axis shows 
the different busses that are connected with distributed generations. Each category 
involves adding distributed generations to all five busses. The orange bars represent the 
total hosting capacity, while the other bars represent hosting capacities from specific 
busses.  
 
Figure 4.9: HC with connecting DGs at five buses. 
 
 






































Table 4.7 summarizes the results above, with the best hosting capacity from each 
case displayed. The data suggests that the optimal scenario is to load four busses. This 
gives a maximum hosting capacity of 428 MW. 
Table 4.7: Best HC for all scenarios (NV = no violations). 
 Best Number of DGs location at IEEE six-bus system ( in MW) 
One Bus Two Buses Three Buses Four Buses Five Buses 
Bus 1 NV NV NV NV NV 
Bus 2 379 321 288 282 261 
Bus 3 0 0 19 0 19 
Bus 4 0 89 110 121 137 
Bus 5 0 0 0 15 9 
Bus 6 0 0 0 9 1 
Total DGs 379 410 417 427 427 
 
Figure 4.10 graphically illustrates the data in Table 4.7. The statistics for hosting 
capacities are shown for each of the 5 scenarios considered above; namely, installing 
distributed generations on only one bus, two busses, three busses, etc. Results for 
maximum capacity seem to favor installing distributed generations on four and five 
busses with bus 2 containing the majority of capacity. 
 








































4.1.3 Hosting Capacity at 1000 random loads: 
Table 4.8 shows selected data for 10 trials with randomized loads and randomized 
generators to simulate a variety of different operating conditions. These 10 trials were 
sampled from a set of 1000 trials performed. Data displayed for each trial includes the 
randomized values for loads, “Load Data (input)”, the active and reactive randomized 
power generation data “OPF( for G-input)”, and the overvoltage and overloading hosting 
capacity analysis data, “OV and OL-HC in MW)” for each bus. 
 
4.1.3 Hosting Capacity at random loads with 0.9 lagging PF 
Table 4.8: 10 out of 1000 random loads data, Generators data, and HC (NV = no violations). 
N Load Data (input) OPF( for G-input) OV and OL-HC (in MW) 
1
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus
# 
1 2 3 4 5 6 
1 0 0 
2 0 0 1 123.60 17.67 Unit
# 3 37.49 8.19 2 28.73 16.24 
4 59.85 15.03 6 20.00 34.82 OV NV 1156 20 170 146 1097 
5 74.66 22.15 Total 172.33 68.73 
6 0 0 OL NV 381 247 88 119 169 
Total 171.99 45.38 
2
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus
# 
1 2 3 4 5 6 
1 0 0 
2 0 0 1 121.68 17.29 Unit
# 3 42.31 11.76 2 26.82 15.90 
4 58.22 15.60 6 20.00 34.41 OV NV 1158 20 170 146 1099 
5 67.65 14.41 Total 168.50 67.60 
6 0 0 OL NV 383 249 87 119 168 
Total 168.18 41.77 
3
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus
# 
1 2 3 4 5 6 
1 0 0 
2 0 0 1 103.59 15.54 Unit
# 3 27.42 12.91 2 10.00 13.47 
4 50.08 21.76 6 20.00 33.63 OV NV 1175 20 170 145 1114 
5 55.86 23.89 Total 133.59 62.64 
6 0 0 OL NV 399 259 76 123 165 
Total 133.36 58.57 
4
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus
# 
1 2 3 4 5 6 
1 0 0 
2 0 0 1 110.45 16.19 Unit
# 3 31.03 11.16 2 15.49 14.29 
4 66.57 13.94 6 20.00 33.81 OV NV 1170 20 170 146 1109 
5 48.08 19.33 Total 145.95 64.28 
6 0 0 OL NV 394 255 80 121 166 
Total 145.68 44.43 
5
 Bus# P-Load Q-Load Bus# P-gen Q-gen Bus 1 2 3 4 5 6 
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1 0 0 # 
2 0 0 1 126.11 17.90 Unit
# 3 41.02 10.89 2 31.25 16.57 
4 75.74 18.68 6 20.00 34.67 OV NV 1154 20 170 146 1095 
5 60.26 17.73 Total 177.36 69.14 
6 0 0 OL NV 378 246 90 118 169 
Total 177.02 47.31 
6
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus
# 
1 2 3 4 5 6 
1 0 0 
2 0 0 1 127.08 18.21 Unit
# 3 35.88 9.66 2 32.23 16.88 
4 56.20 21.24 6 20.00 35.34 OV NV 1153 20 170 146 1094 
5 86.86 17.52 Total 179.31 70.44 
6 0 0 OL NV 377 245 90 118 169 
Total 178.95 48.41 
7
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus
# 
1 2 3 4 5 6 
1 0 0 
2 0 0 1 109.60 16.25 Unit
# 3 25.33 10.40 2 14.62 14.30 
4 42.65 19.07 6 20.00 34.29 OV NV 1170 20 170 145 1110 
5 75.97 18.50 Total 144.22 64.85 
6 0 0 OL NV 395 256 79 122 166 
Total 143.95 47.96 
8
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus
# 
1 2 3 4 5 6 
1 0 0 
2 0 0 1 131.80 18.65 Unit
# 3 42.62 9.2714 2 36.99 17.55 
4 83.68 17.96 6 20.00 35.05 OV NV 1148 20 170 146 1089 
5 62.11 16.47 Total 188.79 71.24 
6 0 0 OL NV 372 242 93 117 170 
Total 188.41 43.70 
9
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus
# 
1 2 3 4 5 6 
1 0 0 
2 0 0 1 123.10 17.90 Unit
# 3 26.678 12.04 2 28.19 16.28 
4 79.14 19.51 6 20.00 35.05 OV NV 1157 20 170 146 1097 
5 65.12 21.27 Total 171.29 69.23 
6 0 0 OL NV 381 248 88 119 169 




Bus# P-Load Q-Load Bus# P-gen Q-gen Bus
# 
1 2 3 4 5 6 
1 0 0 
2 0 0 1 133.77 19.14 Unit
# 3 36.24 7.53 2 38.96 18.08 
4 69.21 24.62 6 20.00 35.84 OV NV 1146 20 170 146 1088 
5 86.88 16.16 Total 192.74 73.06 
6 0 0 OL NV 370 241 95 116 171 
Total 192.33 48.31 
 
Figure 4.12 gives a visual representation of the randomization data shown in 
Table 4.8. Out of a set of 1000 randomized trials, in which the loads and generators were 
randomized within selected ranges, the data for 10 of these trials are presented. Data 
presented is the total load and generation data for each of the selected trials summed 
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across all busses. The mean and standard deviation of each of the parameters is 
represented at the far right of the graphic. 
 
Figure 4.11: 10 random loads and generation data. 
Figure 4.12 displays the random load values for all the 1000 trials. Active power 
load values are shown in MW. Notice the lack of any significant pattern and the bounding 
























10 different random loads and generatrs












Figure 4.12: 1000 random loads that used to determine lowest HC. 
Figure 4.13 shows the results for the hosting capacity calculations for the 10 
random trials shown in Figure 4.12. Data for both overvoltage and overload are shown 
for each bus in each trial. 
 

























HC at 10 different andom loadsfrom Overvoltage and Overload 













Table 4.9 summarizes the hosting capacity results for both average load 
calculations and random load calculations. In the 1000 random loads (first row), the 
values for load and generation power are randomized within agreeable ranges. The 
minimum hosting capacity values from all the trials is taken for every bus. In average 
load calculations the average load and generation parameters are used for the analysis. 
The minimum between overvoltage and overload capacity is taken as the hosting capacity 
value. In accordance with expectation, the HC values in the 1000 randomized loads is 
more conservative than for the average loads as the most limiting case will be more likely 
represented in the randomized trials than in the average trial. 
 
Table 4.9: Lowest HC at 1000 random loads and HC at average load (NV = no violations). 
Bus(i) 1(Slack bus) 2 (PV bus) 3 (PQ Bus) 4 (PQ Bus) 5 (PQ Bus) 6 (PV bus) 
1000 random 
loads(in MW) 
NV 301 20 60 101 165 
Average load 
(in MW) 
NV 379 20 89 118 169 
 
Figure 4.14 provides a graphical illustration of Table 4.9. Hosting capacity values 
for average load and for random load calculations are presented. Hosting capacity values 
at average load are calculating by using average values for load and generator powers as 
input (left). For the randomized case the hosting capacity is calculated by taking the 





Figure 4.14: HC at 1000 random loads and average load. 
 
4.2 IEEE six-bus system with unity PF DGs 
A hosting capacity study was done with the power factor at unity and the load and 
generation power values taken from average operational values. The left hand side of 
Table 4.10 summarizes this input data. On the right hand side of the table we see the data 
for each bus for both overvoltage (OV) and overload (OL) capacity limits (see Figure 
4.15 for a visual representation of this data). Individual runs of performance indices to 
determine these limits are shown in Figure 4.16and Figure 4.17. Figure 4.16 shows the 
overvoltage analysis as distributed generation power is added for each bus. Figure 4.17 
shows the same analysis but for overload analysis. 
4.2.1 Hosting Capacity at average load with Unity PF 
PLoad = 175 + j 50 MVA  




























Hosting Capacity at average load and 1000 random loads with 0.9 









Table 4.10: load data, generators data and HC OV and OL limits at average load IEEE six-bus system with 
Unity PF (NV = no violations). 









Bus# P-Load Q-Load Bus# P-gen Q-gen Bus
# 
1 2 3 4 5 6 
1 0.00 0.00 
2 0.00 0.00 1 110.25 16.87 Unit
# 3 35.04 10.07 2 15.25 14.61 
4 70.08 20.15 6 50.00 34.95 OV NV 1155 1124 850 797 1095 
5 70.08 20.15 Total 175.49 66.43 
6 0.00 0.00 OL NV 379 246 90 119 169 




Figure 4.15: Overvoltage and Overloading HC with Unity PF DGs. 
 




































Figure 4.16: OV limits at each bus in IEEE six-bus system with unity PF. 
 
Line flow limits at each bus in IEEE six-bus system with Unity PF: 
 




4.2.2 Applying DGs in one and multiple locations at same time at the average 
load with unity PF 
A study of hosting capacity was done where multiple busses have distributed 
generation power installed. Table 4.11 and the corresponding Figure 4.18 show the 
hosting capacity values when distributed generations are only added to one bus. This 
analysis is the same as was conducted in part (1). The final HC is calculated by taking the 
minimum between overvoltage and overload values. In the next tables and figures 
(Tables 4.12, 4.13, 4.14, 4.15 and Figures 4.19, 4.20, 4.21, 4.22), all other combinations 
of distributed generation instillations onto multiple busses are explored. In each case, the 
calculations are done to maximize total hosting capacity(the sum of HC from all buses). 
Hosting capacities are shown in each of these optimized instances for every individual 
bus. The final table and figure (Table 4.16 and Figure 4.23) of the section summarize the 
data from all the combinations explored; lumping results into groups based on how many 
locations have distributed generations installed. From each group, the results with highest 
hosting capacity are shown. The best maximizing configurations are when three, four, 
and five busses have been connected with distributed generations, reaching a peak 
hosting capacity of 427 MW. 
 
WTgen = 1.0 MW 
(1) The assumption of adding DGs units at one bus at a time: 
Table 4.11: HC with Adding DGs at one location at time. 
 The number of DGs that can be added the system at 
average load (in MW) 
Bus 1 0 0 0 0 0 
Bus 2 379 0 0 0 0 
Bus 3 0 246 0 0 0 
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Bus 4 0 0 90 0 0 
Bus 5 0 0 0 119 0 
Bus 6 0 0 0 0 169 
Total 
DGs(MW) 
379 246 90 119 169 
 
 
Figure 4.18: HC with connecting unity PF DGs at one bus. 
 
(2) The assumption of adding DGs at two different buses at the same time: 
Table 4.12: HC with Adding DGs at two locations at time. 
Bus # The number of DGs that can be added the system at average load (in MW) 
Bus 1 0 0 0 0 0 0 0 0 0 0 
Bus 2 360 319 353 368 0 0 0 0 0 0 
Bus 3 25 0 0 0 243 260 245 0 0 0 
Bus 4 0 89 0 0 91 0 0 223 214 0 
Bus 5 0 0 40 0 0 25 0 112 0 58 
Bus 6 0 0 0 17 0 0 1 0 100 141 
Total 
DGs 







































Figure 4.19: HC with connecting DGs at two buses. 
 
(3) The assumption of adding DGs at three different buses at the same time: 
Table 4.13: HC with Adding DGs at three locations at time. 
Bus # The number of DGs that can be added the system at average load (in MW) 
Bus 2 74 258 360 264 231 352 0 0 0 0 
Bus 3 228 116 24 0 0 0 211 155 259 0 
Bus 4 125 0 0 144 149 0 159 174 0 204 
Bus 5 0 19 0 19 0 40 26 0 25 98 
Bus 6 0 0 2 0 47 1 0 67 1 45 
Total 
DGs 
427 393 386 427 427 393 396 396 285 347 
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(4) The assumption of adding DGs at four different buses at the same time: 
Table 4.14: HC with Adding DGs at four locations at time. 
Bus# The number of DGs that can be added the system 
at average load (in MW) 
Bus 2 73 75 278 264 0 
Bus 3 229 226 94 0 210 
Bus 4 124 125 0 142 161 
Bus 5 1 0 20 20 25 
Bus 6 0 1 1 1 1 
Total DGs 427 427 393 427 397 
 
 
Figure 4.21: HC with connecting DGs at four buses. 
 
(5) The assumption of adding DGs at five different buses at the same time: 
Table 4.15: HC with Adding DGs at five locations at time (NV = no violations). 
Bus# The number of DG Units that can be added the 
system at average load (in MW) 
Bus 1 NV 
Bus 2 81 
Bus 3 224 
Bus 4 120 
Bus 5 1 
Bus 6 1 
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Figure 4.22: HC with connecting DGs at five buses. 
 
(6) Best distributed generations locations for hosting capacity with Unity PF : 
Table 4.16: Best HC for all scenarios (NV = no violations). 
 Best Number of DGs location at IEEE six-bus system with Unity PF 
One bus Two Buses Three Buses Four Buses Five Buses 
Bus 1 NV NV NV NV NV NV NV 
Bus 2 379 319 74 264 231 75 81 
Bus 3 0 0 228 0 0 226 224 
Bus 4 0 89 125 144 149 125 120 
Bus 5 0 0 0 19 0 0 1 
Bus 6 0 0 0 0 47 1 1 
Total DGs 
(in MW) 
379 408 427 427 427 427 427 
 
 





















































































4.2.3 Hosting Capacity at random loads with Unity PF 
1000 random trials were conducted to compute hosting capacity for various load 
and generator active and reactive powers. For each of these trials, load and generator 
active and reactive powers were randomly selected from preselected distribution intended 
to simulate various operating conditions. Table 4.17 and its corresponding Figures 
4.24and 4.25 show an excerpt of 10 trials taken from the 1000 trials. For each trial the 
load data, generator data, and hosting capacity results are shown. Load data includes 
dissipated active and reactive powers for each load bus, generator data includes generated 
active and reactive powers for every generating bus, and hosting capacity data includes 
both overvoltage and overload capacity limits.  
Table 4.18 and Figure 4.26 summarize the findings from the analysis. Calculated 
hosting capacities for each bus are shown for the limiting cases found within the 1000 
randomly generated variations. Additionally, these values are compared with hosting 
capacity calculations for average power values. As expected, the hosting capacity values 
derived from randomized loads produces more stringent limits on DG capacity limits. 
Table 4.17: 10 out of 1000 random loads data, Generators data, and HC (NV = no violations). 
N Load Data (input) OPF( for G-input) OV and OL-HC (in MW) 
1
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 123.60 17.67 Unit
# 3 37.49 8.19 2 28.73 16.24 
4 59.85 15.03 6 20.00 34.82 OV NV 1156 1125 850 798 1097 
5 74.66 22.15 Total 172.33 68.73 
6 0 0 OL NV 381 247 89 119 169 
Total 171.99 45.38 
2
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 121.68 17.29 Unit
# 3 42.31 11.76 2 26.82 15.90 
4 58.22 15.60 6 20.00 34.41 OV NV 1158 1127 851 798 1099 
5 67.65 14.41 Total 168.50 67.60 
6 0 0 OL NV 383 248 87 119 168 
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Total 168.18 41.77 
3
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 103.59 15.54 Unit
# 3 27.42 12.91 2 10.00 13.47 
4 50.08 21.76 6 20.00 33.63 OV NV 1175 1143 856 803 1114 
5 55.86 23.89 Total 133.59 62.64 
6 0 0 OL NV 399 259 77 123 165 
Total 133.36 58.57 
4
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 110.45 16.19 Unit
# 3 31.03 11.16 2 15.49 14.29 
4 66.57 13.94 6 20.00 33.81 OV NV 1170 1138 855 802 1109 
5 48.08 19.33 Total 145.95 64.28 
6 0 0 OL NV 394 255 80 122 166 
Total 145.68 44.43 
5
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 126.11 17.90 Unit
# 3 41.02 10.89 2 31.25 16.57 
4 75.74 18.68 6 20.00 34.67 OV NV 1154 1123 850 797 1095 
5 60.26 17.73 Total 177.36 69.14 
6 0 0 OL NV 378 246 90 118 169 
Total 177.02 47.31 
6
 
Bus# P-Load Q-Load Bus
# 
P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 127.08 18.21 Unit
# 3 35.88 9.66 2 32.23 16.88 
4 56.20 21.24 6 20.00 35.34 OV NV 1153 1122 849 797 1094 
5 86.86 17.52 Tota
l 
179.31 70.44 
6 0 0 OL NV 377 245 91 118 169 
Total 178.95 48.41 
7
 
Bus# P-Load Q-Load Bus
# 
P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 109.60 16.25 Unit
# 3 25.33 10.40 2 14.62 14.30 
4 42.65 19.07 6 20.00 34.29 OV NV 1170 1139 855 802 1110 
5 75.97 18.50 Tota
l 
144.22 64.85 
6 0 0 OL NV 395 256 80 122 166 
Total 143.95 47.96 
8
 
Bus# P-Load Q-Load Bus
# 
P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 131.80 18.65 Unit
# 3 42.62 9.2714 2 36.99 17.55 
4 83.68 17.96 6 20.00 35.05 OV NV 1148 1117 848 795 1089 
5 62.11 16.47 Tota
l 
188.79 71.24 
6 0 0 OL NV 372 242 94 117 170 
Total 188.41 43.70 
9
 
Bus# P-Load Q-Load Bus
# 
P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 123.10 17.90 Unit
# 3 26.678 12.04 2 28.19 16.28 
4 79.14 19.51 6 20.00 35.05 OV NV 1157 1126 851 798 1097 
5 65.12 21.27 Tota
l 
171.29 69.23 
6 0 0 OL NV 381 248 88 119 169 




Bus# P-Load Q-Load Bus
# 
P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 133.77 19.14 Unit
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3 36.24 7.53 2 38.96 18.08 # 
4 69.21 24.62 6 20.00 35.84 OV NV 1146 1116 847 794 1088 
5 86.88 16.16 Tota
l 
192.74 73.06 
6 0 0 OL NV 370 241 95 117 171 





Figure 4.24: The 10 random loads and generation data. 
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Table 4.18: Lowest HC at 1000 random loads and HC at average load (NV = no violations). 














NV 301 199 61 101 165 
Average load (in 
MW) 
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4.3 IEEE 118-bus system with 0.9 lagging and unity PF DGs 
Table 4.19 displays the results of the hosting capacity analysis for all 118 buses 
using average loads with 0.9 lagging PF, average loads with unity PF, randomized loads 
with 0.9 lagging PF, and randomized loads with unity PF. Overvoltage, overload, and 
hosting capacity values are enumerated for each bus. Hosting capacity is calculated as the 
minimum between overvoltage and overload capacity values. For the randomized load 
and generator powers, the limiting case for each bus was taken from all 100 trials, 
whereby the values produced the lowest capacity maximum. 
The IEEE 118-bus system, which is shown in Figure 4.27, has 118 buses and 186 
branches. The OPF is used to find the best economical cost of the operation of the 
production units. Then, the generation values are applied to determine hosting capacity at 
each random load. The lowest hosting capacity at 100 random loads is also determined. 
At a 100 random loads that used in IEEE 118-bus system: 
- The maximum active load power used is 5277 MW 
- The minimum active load power used is 3261 MW 
- The maximum reactive load power used is 1694 MVAR 
- The minimum reactive load power used is 1168 MVAR 
- The time needed to reach the lowest hosting capacity values for the 100 




Figure 4.27: IEEE 118-bus system. 
 
Table 4.19: OV HC, OL HC and hosting capacity at average and 100 random loads for IEEE 118-bus system 




HC at average load with: HC at random load with: 
0.9 Lagging PF (in 
MW) 
Unity PF (in MW) 0.9 Lagging PF (in 
MW) 




















1 670 44 44 670 44 44 559 32 32 634 28 28 
2 329 47 47 924 47 47 309 33 33 866 29 29 
3 557 44 44 880 44 44 547 31 31 830 27 27 
4 791 41 41 791 41 41 521 29 29 746 25 25 
5 783 41 41 780 40 40 518 29 29 737 25 25 
6 832 44 44 832 44 44 540 31 31 782 27 27 
7 842 45 45 840 45 45 545 32 32 789 28 28 
8 724 34 34 724 34 34 488 24 24 690 21 21 
9 281 35 35 753 35 35 108 25 25 716 21 21 
10 791 36 36 791 36 36 522 25 25 748 22 22 
11 831 47 47 827 46 46 538 33 33 776 28 28 
12 834 49 49 834 49 49 541 34 34 783 30 30 
13 199 56 56 933 56 56 191 36 36 935 34 34 
14 208 61 61 1026 61 61 197 37 37 935 37 37 
15 877 87 87 877 87 87 620 43 43 850 45 45 
16 196 68 68 938 68 68 191 36 36 876 37 37 
17 1036 76 76 932 75 75 659 37 37 859 39 39 
18 994 82 82 994 82 82 621 41 41 911 43 43 
19 1076 92 92 1076 92 92 661 46 46 978 48 48 
20 181 93 93 503 93 93 177 46 46 491 48 48 
21 135 94 94 341 94 94 129 46 46 327 48 48 
22 125 65 65 312 65 65 116 46 46 304 39 39 
23 411 32 32 626 34 34 383 28 28 613 22 22 
24 438 41 41 438 41 41 372 36 36 419 27 27 
25 666 84 84 666 84 84 583 41 41 641 60 60 
26 739 77 77 739 77 77 523 38 38 724 56 56 
27 989 81 81 989 81 81 640 39 39 948 59 59 
28 301 80 80 887 80 80 284 39 39 864 58 58 
29 498 79 79 1092 79 79 477 38 38 1012 57 57 
30 1107 63 63 770 63 63 735 31 31 730 46 46 
31 1003 78 78 1003 78 78 637 38 38 962 57 57 
32 884 81 81 884 81 81 639 40 40 871 59 59 
33 184 186 184 860 186 186 170 91 91 856 137 137 
34 994 465 465 994 465 465 638 352 352 855 298 298 
35 1093 188 188 1089 188 188 690 161 161 930 187 187 
36 1077 207 207 1077 207 207 680 187 187 920 189 189 
37 1107 449 449 1094 450 450 709 355 355 940 299 299 
38 1193 514 514 1183 509 509 969 357 357 1097 299 299 
39 320 153 153 1385 154 154 302 136 136 1352 153 153 
40 948 410 410 948 410 410 797 356 356 862 297 297 
41 368 180 180 1150 180 180 346 195 195 1030 168 168 
42 1124 397 397 1124 397 397 1006 441 441 1107 362 362 
43 99 162 99 457 162 162 94 184 94 436 154 154 
44 84 195 84 428 193 193 80 170 80 411 175 175 
45 136 335 136 696 338 338 127 317 127 682 323 323 
46 693 252 252 693 252 252 590 252 252 984 243 243 
47 154 192 154 540 193 193 142 221 142 533 180 180 
48 125 162 125 352 162 162 111 162 111 352 160 160 
49 1672 640 640 1672 640 640 1467 533 533 1641 392 392 
50 133 207 133 444 204 204 126 194 126 439 176 176 
51 194 245 194 737 252 252 183 236 183 728 248 248 
52 150 184 150 488 185 185 142 161 142 471 174 174 
53 201 170 170 515 169 169 187 151 151 512 167 167 
54 1072 181 181 1072 181 181 791 163 163 1033 175 175 
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55 1199 186 186 1199 186 186 880 133 133 1156 124 124 
56 1133 303 303 1133 303 303 835 228 228 1091 176 176 
57 175 132 132 919 132 132 165 119 119 912 127 127 
58 213 171 171 709 170 170 200 152 152 708 170 170 
59 NV 679 679 NV 679 679 1842 512 512 1924 350 350 
60 1097 422 422 NV 432 432 1064 370 370 NV 343 343 
61 NV 474 474 NV 474 474 NV 367 367 NV 341 341 
62 NV 306 306 NV 306 306 NV 304 304 NV 303 303 
63 1289 653 653 1518 654 654 1281 401 401 1508 338 338 
64 1623 642 642 NV 643 643 1602 358 358 NV 333 333 
65 NV 614 614 NV 614 614 NV 379 379 NV 318 318 
66 NV 693 693 NV 693 693 NV 386 386 NV 358 358 
67 112 190 112 1133 191 191 105 171 105 1131 185 185 
68 NV NV NV NV NV NV NV 794 794 NV 608 608 
69 NV NV NV NV NV NV NV NV NV NV NV NV 
70 1192 167 167 1192 167 167 995 143 143 1162 110 110 
71 669 133 133 1393 133 133 660 104 104 1354 103 103 
72 820 65 65 820 65 65 706 54 54 799 42 42 
73 858 106 106 858 106 106 820 88 88 845 81 81 
74 726 215 215 726 215 215 613 165 165 710 180 180 
75 710 392 392 NV 384 384 688 318 318 1935 272 272 
76 416 196 196 416 196 196 333 154 154 402 171 171 
77 1672 413 413 1672 413 413 1343 313 313 1624 319 319 
78 723 177 177 1793 178 178 696 156 156 1739 172 172 
79 312 117 117 NV 118 118 301 101 101 1883 110 110 
80 NV 352 352 NV 352 352 1802 313 313 NV 304 304 
81 1081 613 613 NV 600 600 1061 530 530 NV 517 517 
82 295 180 180 1436 183 183 277 155 155 1412 176 176 
83 260 65 65 876 65 65 236 56 56 860 58 58 
84 207 85 85 515 86 86 196 77 77 508 78 78 
85 432 100 100 432 100 100 362 88 88 419 100 100 
86 139 103 103 540 103 103 139 92 92 526 103 103 
87 226 106 106 226 106 106 201 94 94 217 104 104 
88 281 117 117 578 119 119 274 101 101 558 118 118 
89 696 176 176 696 176 176 570 154 154 685 175 175 
90 756 183 183 756 183 183 632 152 152 743 183 183 
91 818 194 194 818 194 194 654 162 162 808 191 191 
92 670 181 181 670 181 181 547 160 160 665 181 181 
93 237 88 88 700 89 89 223 68 68 696 89 89 
94 432 215 215 1049 217 217 397 137 137 1014 167 167 
95 257 181 181 987 182 182 243 149 149 966 157 157 
96 331 276 276 1450 285 285 309 212 212 1430 244 244 
97 144 212 144 1064 210 210 141 189 141 1062 191 191 
98 81 183 81 928 183 183 71 137 71 914 170 170 
99 1252 225 225 1252 225 225 962 125 125 1165 206 206 
100 851 278 278 851 278 278 673 90 90 802 163 163 
101 148 139 139 762 142 142 141 113 113 746 142 142 
102 256 204 204 770 208 208 246 176 176 757 179 179 
103 921 277 277 921 277 277 732 121 121 885 164 164 
104 960 126 126 960 126 126 765 91 91 931 126 126 
105 956 274 274 956 274 274 769 94 94 935 163 163 
106 413 202 202 1008 201 201 413 91 91 985 163 163 
107 475 253 253 475 253 253 382 91 91 418 170 170 
108 289 179 179 1133 178 178 272 93 93 1112 149 149 
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109 282 192 192 1067 192 192 281 93 93 1023 159 159 
110 567 259 259 567 259 259 504 89 89 520 169 169 
111 686 66 66 686 66 66 594 52 52 617 66 66 
112 658 171 171 658 171 171 591 109 109 610 131 131 
113 921 76 76 921 76 76 587 19 19 853 56 56 
114 461 81 81 984 81 81 460 20 20 977 59 59 
115 449 81 81 995 81 81 432 25 25 991 59 59 
116 NV 684 684 NV 684 684 NV NV NV NV 609 609 
117 92 49 49 391 49 49 87 17 17 391 30 30 
118 526 197 197 1099 197 197 521 170 170 1075 178 178 
 
1) Hosting Capacity from overvoltage limits at average load with 0.9 Lagging 
and Unity PF: 
Figure 4.28 shows the values of overvoltage limits (y-axis) for both 0.9 lagging 
PF (blue) and unity PF (red) for each of the 118-busses (x-axis) when using the average 
load and generator power values. From the Figure below, we can see that typically the 
unity hosting capacity is much higher than the lagging hosting capacity. Note bus 66 
where the difference in hosting capacity between lagging and unity is extreme. This can 
be expected because the unity power factor ignores the reactive power as a consideration 
for limitation in terms of generation. 
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2) Hosting Capacity from overload limits at average load with 0.9 Lagging and 
Unity PF: 
Figure 4.29shows the values of overload limits (y-axis) for both 0.9 lagging PF 
(blue) and unity PF (red) for each of the 118 busses (x-axis) when using the average load 
and generation values. 
 
Figure 4.29: HC OL limits at average load with 0.9 lagging and unity PF. 
3) Hosting Capacity at average load with 0.9 lagging and unity PF: 
Figure 4.30 shows the values of the lowest hosting capacity (y-axis) for both 0.9 
lagging PF (blue) and unity PF (red) for each of the 118 busses (x-axis) when using the 
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Figure 4.30: Hosting Capacity at average load with 0.9 lagging and unity PF DGs 
 
4) Hosting Capacity from overvoltage limits at 100 random loads with 0.9 
Lagging and Unity PF: 
Figure 4.31shows the values of the hosting capacity from overvoltage limits (y-
axis) for both 0.9 lagging PF (blue) and unity PF (red) for each of the 118 busses (x-axis) 
when using the limiting case from 100 randomized trials of load and generation values. 
 
 































































































































HC limits at average load- IEEE 118-bus system
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5) Hosting Capacity from overload limits at 100 random loads with 0.9 Lagging 
and Unity PF: 
Figure 4.32 shows the values of the hosting capacity from overloading limits (y-
axis) for both 0.9 lagging PF (blue) and unity PF (red) for each of the 118 busses (x-axis) 
when using the limiting case from 100 randomized trials of load and generation values. 
 
Figure 4.32: Lowest HC OL limits at 100 random loads with 0.9 lagging and unity PF DGs 
 
6) Hosting Capacity at 100 random loads with 0.9 lagging and unity PF: 
Figure 4.33 shows the values of hosting capacity (y-axis) for both 0.9 lagging PF 
(blue) and unity PF (red) for each of the 118 busses (x-axis) when using the limiting case 
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Figure 4.33: Lowest HC at 100 random loads with 0.9 lagging and unity PF DGs 
 
7) Hosting Capacity at average load and 100 random loads with 0.9 lagging PF: 
Figure 4.34shows the comparison or hosting capacity (y-axis) at both average 
loads (blue) and the limiting case of 100 randomized trials (red) for each of the 118 
busses (x-axis) with 0.9 lagging PF distributed generations. 
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8) Hosting Capacity at average load and 100 random loads with Unity PF: 
Figure 4.35 shows the comparison or hosting capacity (y-axis) at both average 
loads (blue) and the limiting case of 100 randomized trials (red) for each of the 118 
busses (x-axis) with unity PF distributed generations. 
 
 
















































































































































Chapter Five: Discussion 
5.1 Conclusions 
This thesis uncovers the requirements to increase the proportion of renewable 
energy resources in distribution systems. The hosting capacity method is easily applicable 
by grid operators. This study uses AC power flow analysis, which is beneficial for the 
purpose of finding the hosting capacity and calculating the power flow through lines and 
the voltage magnitude at each bus. The comparison of the case studies leads to 
conclusions about the integration of renewable energy resources into the distribution 
network. 
Since traditional fossil fuel based generation has a strong negative impact on the 
environment, hosting capacity methods can help designers and distributed network 
planners produce reliable, cost-effective, and environmentally friendly power systems. 
The application of the hosting capacity method can help power providers and consumers 
meet their requirements and needs from electrical networks, like supporting the system 
during peak periods and outages, as well as reducing drawbacks of transmitting energy 
over long distances. 
The determining factors for the amount of distributed generations (DGs) that can 
be added to a distribution system are the raises in bus voltage magnitudes and AC power 
flow. The development model for two standard IEEE test systems is based on the 
combination of optimal power flow and AC power flow in MATPOWER, which is 
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written in MATLAB®. The Newton-Raphson method was used to calculate nonlinear 
methods in MADGTPOWER. 
The addition of distributed generations will decrease the amount of active power 
that is flowing through a transmission system. The impact of distributed generations on 
the distribution systems performance index and acceptable and unacceptable deterioration 
effects determines the amount of distributed generations that can be added from 
renewable energy resources. The study shows the effects of application of distributed 
generations in distribution networks. It shows the effects in the amounts of distributed 
generation that are applied to distribution system in a single location, what would be the 
best location to meet distribution networks and load requirements, and the impact of 
connecting to multiple locations at once.   
For distributed generations with non-unity power factor the shunt capacitor can be 
used to nullify the effects of reactive power. It is shown that relatively small amounts of 
wind power can already result in over voltage beyond what is considered acceptable 
limits. The results show that hosting capacity can solve the challenges that the modern 
distributed power systems face in integrating renewable distributed energy into the grid. 
A calculation was created to show the amount of distributed generations that can be 







5.2 Suggestions for Future Work 
One application of these findings is network optimization by electric power 
providers by supporting loads and reducing pollution by the addition of environmentally 
efficient renewable energy resources. They could also open investment markets in areas 
which do not use renewable energy resources. Furthermore, they could increase network 
efficiency by including a variety of renewable energy resources at the same distribution 
system in different locations and using storage systems to increase the stability of these 
networks. 
A limitation of this study is that only the IEEE six-bus system used multiple 
distributed generation locations. Future research, could calculate the hosting capacity of 
the IEEE 118-bus system using multiple DGs locations. In addition to a larger system, 
future work could also expand by adding new loads, such as new loads where different 
consumer requirements and priorities could affect the addition and expansion of 
distributed generations based on infrastructure existence and expansion requirements. A 
plan for expansion of infrastructure could be a practical application of these methods in 
future work to calculate additional loading, and the expansion of distribution and 
distributed generation. This could involve finding better estimation solutions for the 
complex hosting capacity calculation problem. 
The economical limits of the wind turbine were ignored in this study, but can be 
considered as an additional factor for analyzing hosting capacity efficiency. Furthermore, 
this study set the rated power production of wind turbines at their maximum power and a 
constant wind speed; however, future work can determine the hosting capacity with a 
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time to time wind power output. Losses and transformer limits are ignored in this study; 
however, the inclusion of these factors will produce more accurate results, and include 
the additional consideration of locating distributed generations at or near the consumption 
area to reduce line losses. This leads to the suggestion of adding additional constraint 
conditions and considerations to further improve the hosting capacity determination. This 
leads to additional limits that could be placed for performance indexing based on specific 
site requirements, such as the required voltages and the required power availability to 
meet consumer demands. Finally, limitations of specific distributed generation 
technologies as system constraints could be considered as additional boundary conditions 
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Appendix A: Networks Data 
This appendix contains the network data of the IEEE six-bus system and the IEEE 
118-bus system. The variables of the bus data, generators data and branch data for both 
IEEE Six-bus and IEEE 118-bus system are listed below: 
1) Bus Data: 
1. Bus #  Bus number. 
2. Bus-Ty  Bus type (PQ bus = 1, PV bus = 2, Slack bus = 3). 
3. PD   Active Power Demand  (in MW). 
4. QD   Reactive Power Demand (in MVAR). 
5. Vmag  Voltage magnitude (in per unit). 
6. Vang  Voltage angle (in degree). 
7. Base   Voltage base (in KV). 
8. Zone   Loss zone area. 
9. Vmax  Maximum bus voltage magnitude (in per unit). 
10. Vmin  Minimum bus voltage magnitude (in per unit). 
2) Generator Data: 
1. Bus #  Bus number. 
2. PG   Active power output (in MW). 
3. QG   Reactive power output (in MVAR). 
4. Pmax  Maximum active power output (in MW). 
5. Pmin   Minimum active power output (in MW). 
6. Qmax  Maximum reactive power output (in MVAR). 
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7. Qmin  Minimum reactive power output (in MVAR). 
8. Vgen  Voltage magnitude set point (in per unit). 
3) Branch Data: 
1. F-bus  From bus number. 
2. T-bus  To bus number. 
3. R   Resistance (in per unit). 
4. X   Reactance (in per unit). 
5. B   Total line charging susceptance (in per unit). 
6. Rate A  Long term limit of the line ( in MVA). 
7. Angle  Transformer phase shift angle (in degrees). 
8. Ratio  Transformer off nominal turns ratio. 
A.1 IEEE six-bus system input data: 
The IEEE six-bus test system has six buses, three generators and seven branches. 
Bus one is a slack bus, bus 2 and 6 are PV buses and bus 3, 4, and 5 are load buses. Table 
A1.1 illustrates the bus and load data for the six-bus system: 
Table A1. 1: Bus data of IEEE six-bus System 
Bus # Bus-Ty PD QD Vmag Vang Base Zone Vmax Vmin 
1 3 0 0 1.050 0 100 1 1.150 0.950 
2 2 0 0 1.053 -5.321 100 1 1.150 0.850 
3 1 35.038 10.074 1.056 -6.360 100 1 1.150 0.850 
4 1 70.076 20.148 1.024 -8.938 100 1 1.150 0.910 
5 1 70.076 20.148 1.025 -9.537 100 1 1.150 0.850 
6 2 0 0 1.059 -1.059 100 1 1.150 0.850 
 
Table A1.2 contains the generators data and table A1.3 contains the branches data of the IEEE six-bus 
system. 
Table A1. 2: Generator data of the IEEE six-bus system 
Bus # PG QG Pmax Pmin Qmax Qmin Vgen 
1 0 0 220 100 50 -40 1.050 
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2 30.34 16.510 200 10 50 -40 1.150 
6 20 34.950 20 10 50 -40 1.150 
 
Table A1. 3: Branch data of IEEE six-bus System 
F-bus T-bus R X B Rate A Angle Ratio 
1 2 0.0050 0.170 0.004 200 0 0 
1 4 0.0030 0.258 0.058 100 0 0 
2 3 0.0005 0.037 0.009 150 0 0 
2 4 0.0070 0.197 0.048 100 0 0 
3 6 0.0005 0.018 0.004 100 0 0 
4 5 0.0005 0.037 0.004 50 0 0 




A.2 IEEE 118-bus system input data: 
Table A2.1 illustrates the bus data of the IEEE 118-bus system: 
 
Table A2. 1: Bus data of IEEE 118-Bus system 
Bus # Bus-Ty PD QD Vmag Vang Base Zone Vmax Vmin 
1 2 51 27 0.955 10.67 138 1 1.06 0.94 
2 1 20 9 0.971 11.22 138 1 1.06 0.94 
3 1 39 10 0.968 11.56 138 1 1.06 0.94 
4 2 39 12 0.998 15.28 138 1 1.06 0.94 
5 1 0 0 1.002 15.73 138 1 1.06 0.94 
6 2 52 22 0.990 13.00 138 1 1.06 0.94 
7 1 19 2 0.989 12.56 138 1 1.06 0.94 
8 2 28 0 1.015 20.77 345 1 1.06 0.94 
9 1 0 0 1.043 28.02 345 1 1.06 0.94 
10 2 0 0 1.050 35.61 345 1 1.06 0.94 
11 1 70 23 0.985 12.72 138 1 1.06 0.94 
12 2 47 10 0.990 12.20 138 1 1.06 0.94 
13 1 34 16 0.968 11.35 138 1 1.06 0.94 
14 1 14 1 0.984 11.50 138 1 1.06 0.94 
15 2 90 30 0.970 11.23 138 1 1.06 0.94 
16 1 25 10 0.984 11.91 138 1 1.06 0.94 
17 1 11 3 0.995 13.74 138 1 1.06 0.94 
18 2 60 34 0.973 11.53 138 1 1.06 0.94 
19 2 45 25 0.962 11.05 138 1 1.06 0.94 
20 1 18 3 0.957 11.93 138 1 1.06 0.94 
21 1 14 8 0.958 13.52 138 1 1.06 0.94 
22 1 10 5 0.969 16.08 138 1 1.06 0.94 
23 1 7 3 0.999 21.00 138 1 1.06 0.94 
24 2 13 0 0.992 20.89 138 1 1.06 0.94 
25 2 0 0 1.050 27.93 138 1 1.06 0.94 
26 2 0 0 1.015 29.71 345 1 1.06 0.94 
27 2 71 13 0.968 15.35 138 1 1.06 0.94 
28 1 17 7 0.961 13.62 138 1 1.06 0.94 
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29 1 24 4 0.963 12.63 138 1 1.06 0.94 
30 1 0 0 0.985 18.79 345 1 1.06 0.94 
31 2 43 27 0.967 12.75 138 1 1.06 0.94 
32 2 59 23 0.963 14.80 138 1 1.06 0.94 
33 1 23 9 0.971 10.63 138 1 1.06 0.94 
34 2 59 26 0.984 11.30 138 1 1.06 0.94 
35 1 33 9 0.980 10.87 138 1 1.06 0.94 
36 2 31 17 0.980 10.87 138 1 1.06 0.94 
37 1 0 0 0.990 11.77 138 1 1.06 0.94 
38 1 0 0 0.961 16.91 345 1 1.06 0.94 
39 1 27 11 0.970 8.410 138 1 1.06 0.94 
40 2 66 23 0.970 7.350 138 1 1.06 0.94 
41 1 37 10 0.967 6.920 138 1 1.06 0.94 
42 2 96 23 0.985 8.530 138 1 1.06 0.94 
43 1 18 7 0.977 11.28 138 1 1.06 0.94 
44 1 16 8 0.984 13.82 138 1 1.06 0.94 
45 1 53 22 0.986 15.67 138 1 1.06 0.94 
46 2 28 10 1.005 18.49 138 1 1.06 0.94 
47 1 34 0 1.017 20.73 138 1 1.06 0.94 
48 1 20 11 1.020 19.93 138 1 1.06 0.94 
49 2 87 30 1.025 20.94 138 1 1.06 0.94 
50 1 17 4 1.001 18.90 138 1 1.06 0.94 
51 1 17 8 0.967 16.28 138 1 1.06 0.94 
52 1 18 5 0.957 15.32 138 1 1.06 0.94 
53 1 23 11 0.946 14.35 138 1 1.06 0.94 
54 2 113 32 0.955 15.26 138 1 1.06 0.94 
55 2 63 22 0.952 14.97 138 1 1.06 0.94 
56 2 84 18 0.954 15.16 138 1 1.06 0.94 
57 1 12 3 0.971 16.36 138 1 1.06 0.94 
58 1 12 3 0.959 15.51 138 1 1.06 0.94 
59 2 277 113 0.985 19.37 138 1 1.06 0.94 
60 1 78 3 0.993 23.15 138 1 1.06 0.94 
61 2 0 0 0.995 24.04 138 1 1.06 0.94 
62 2 77 14 0.998 23.43 138 1 1.06 0.94 
63 1 0 0 0.969 22.75 345 1 1.06 0.94 
64 1 0 0 0.984 24.52 345 1 1.06 0.94 
65 2 0 0 1.005 27.65 345 1 1.06 0.94 
66 2 39 18 1.050 27.48 138 1 1.06 0.94 
67 1 28 7 1.020 24.84 138 1 1.06 0.94 
68 1 0 0 1.003 27.55 345 1 1.06 0.94 
69 3 0 0 1.035 30.00 138 1 1.06 0.94 
70 2 66 20 0.984 22.58 138 1 1.06 0.94 
71 1 0 0 0.987 22.15 138 1 1.06 0.94 
72 2 12 0 0.980 20.98 138 1 1.06 0.94 
73 2 6 0 0.991 21.94 138 1 1.06 0.94 
74 2 68 27 0.958 21.64 138 1 1.06 0.94 
75 1 47 11 0.967 22.91 138 1 1.06 0.94 
76 2 68 36 0.943 21.77 138 1 1.06 0.94 
77 2 61 28 1.006 26.72 138 1 1.06 0.94 
78 1 71 26 1.003 26.42 138 1 1.06 0.94 
79 1 39 32 1.009 26.72 138 1 1.06 0.94 
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80 2 130 26 1.040 28.96 138 1 1.06 0.94 
81 1 0 0 0.997 28.10 345 1 1.06 0.94 
82 1 54 27 0.988 27.24 138 1 1.06 0.94 
83 1 20 10 0.984 28.42 138 1 1.06 0.94 
84 1 11 7 0.980 0.950 138 1 1.06 0.94 
85 2 24 15 0.985 32.51 138 1 1.06 0.94 
86 1 21 10 0.987 31.14 138 1 1.06 0.94 
87 2 0 0 1.015 31.40 161 1 1.06 0.94 
88 1 48 10 0.987 35.64 138 1 1.06 0.94 
89 2 0 0 1.005 39.69 138 1 1.06 0.94 
90 2 440 42 0.985 33.29 138 1 1.06 0.94 
91 2 10 0 0.980 33.31 138 1 1.06 0.94 
92 2 65 10 0.990 33.80 138 1 1.06 0.94 
93 1 12 7 0.985 30.79 138 1 1.06 0.94 
94 1 30 16 0.990 28.64 138 1 1.06 0.94 
95 1 42 31 0.980 27.67 138 1 1.06 0.94 
96 1 38 15 0.992 27.51 138 1 1.06 0.94 
97 1 15 9 1.011 27.88 138 1 1.06 0.94 
98 1 34 8 1.024 27.40 138 1 1.06 0.94 
99 2 42 0 1.010 27.04 138 1 1.06 0.94 
100 2 37 18 1.017 28.03 138 1 1.06 0.94 
101 1 22 15 0.991 29.61 138 1 1.06 0.94 
102 1 5 3 0.989 32.30 138 1 1.06 0.94 
103 2 23 16 1.010 24.44 138 1 1.06 0.94 
104 2 38 25 0.971 21.69 138 1 1.06 0.94 
105 2 31 26 0.965 20.57 138 1 1.06 0.94 
106 1 43 16 0.961 20.32 138 1 1.06 0.94 
107 2 50 12 0.952 17.53 138 1 1.06 0.94 
108 1 2 1 0.966 19.38 138 1 1.06 0.94 
109 1 8 3 0.967 18.93 138 1 1.06 0.94 
110 2 39 30 0.973 18.09 138 1 1.06 0.94 
111 2 0 0 0.980 19.74 138 1 1.06 0.94 
112 2 68 13 0.975 14.99 138 1 1.06 0.94 
113 2 6 0 0.993 13.74 138 1 1.06 0.94 
114 1 8 3 0.960 14.46 138 1 1.06 0.94 
115 1 22 7 0.960 14.46 138 1 1.06 0.94 
116 2 184 0 1.005 27.12 138 1 1.06 0.94 
117 1 20 8 0.974 10.67 138 1 1.06 0.94 
118 1 33 15 0.949 21.92 138 1 1.06 0.94 
 
 
Table A2. 2: Generator data of IEEE 118-bus system 
Bus # PG QG Pmax Pmin Qmax Qmin Vgen 
1 0 0 100 0 15 -5 0.955 
4 0 0 100 0 300 -300 0.998 
6 0 0 100 0 50 -13 0.990 
8 0 0 100 0 300 -300 1.015 
10 450 -51.04 550 0 200 -147 1.050 
12 85 91.27 185 0 120 -35 0.990 
15 0 0 100 0 30 -10 0.970 
 
95 
18 0 0 100 0 50 -16 0.973 
19 0 0 100 0 24 -8 0.962 
24 0 0 100 0 300 -300 0.992 
25 220 49.72 320 0 140 -47 1.050 
26 314 9.89 414 0 1000 -1000 1.015 
27 0 0 100 0 300 -300 0.968 
31 7 31.57 107 0 300 -300 0.967 
32 0 0 100 0 42 -14 0.963 
34 0 0 100 0 24 -8 0.984 
36 0 0 100 0 24 -8 0.980 
40 0 0 100 0 300 -300 0.970 
42 0 0 100 0 300 -300 0.985 
46 19 -5.25 119 0 100 -100 1.005 
49 204 115.63 304 0 210 -85 1.025 
54 48 3.9 148 0 300 -300 0.955 
55 0 0 100 0 23 -8 0.952 
56 0 0 100 0 15 -8 0.954 
59 155 67.83 255 0 180 -60 0.985 
61 160 -40.39 260 0 300 -100 0.995 
62 0 0 100 0 20 -20 0.998 
65 391 80.76 491 0 200 -67 1.005 
66 392 -1.95 492 0 200 -67 1.050 
69 516 -82.39 805 0 300 -300 1.035 
70 0 0 100 0 32 -10 0.984 
72 0 0 100 0 100 -100 0.980 
73 0 0 100 0 100 -100 0.991 
74 0 0 100 0 9 -6 0.958 
76 0 0 100 0 23 -8 0.943 
77 0 0 100 0 70 -20 1.006 
80 477 104.9 577 0 280 -165 1.040 
85 0 0 100 0 23 -8 0.985 
87 4 11.02 104 0 1000 -100 1.015 
89 607 0.49 707 0 300 -210 1.005 
90 0 0 100 0 300 -300 0.985 
91 0 0 100 0 100 -100 0.980 
92 0 0 100 0 9 -3 0.990 
99 0 0 100 0 100 -100 1.010 
100 252 108.87 352 0 155 -50 1.017 
103 40 41.69 140 0 40 -15 1.010 
104 0 0 100 0 23 -8 0.971 
105 0 0 100 0 23 -8 0.965 
107 0 0 100 0 200 -200 0.952 
110 0 0 100 0 23 -8 0.973 
111 36 -1.84 136 0 1000 -100 0.980 
112 0 0 100 0 1000 -100 0.975 
113 0 0 100 0 200 -100 0.993 





Table A2. 3: Branch data of IEEE 118-bus system 
F-bus T-bus R X B Rate A Angle Ratio 
1 2 0.0303 0.0999 0.0254 100 0 0 
1 3 0.0129 0.0424 0.01082 100 0 0 
4 5 0.00176 0.00798 0.0021 500 0 0 
3 5 0.0241 0.108 0.0284 100 0 0.960 
5 6 0.0119 0.054 0.01426 100 0 0 
6 7 0.00459 0.0208 0.0055 100 0 0 
8 9 0.00244 0.0305 1.162 500 0 0 
8 5 0 0.0267 0 500 0 0 
9 10 0.00258 0.0322 1.23 500 0 0 
4 11 0.0209 0.0688 0.01748 100 0 0 
5 11 0.0203 0.0682 0.01738 100 0 0 
11 12 0.00595 0.0196 0.00502 100 0 0 
2 12 0.0187 0.0616 0.01572 100 0 0 
3 12 0.0484 0.16 0.0406 100 0 0 
7 12 0.00862 0.034 0.00874 100 0 0 
11 13 0.02225 0.0731 0.01876 100 0 0 
12 14 0.0215 0.0707 0.01816 100 0 0 
13 15 0.0744 0.2444 0.06268 100 0 0 
14 15 0.0595 0.195 0.0502 100 0 0.935 
12 16 0.0212 0.0834 0.0214 100 0 0 
15 17 0.0132 0.0437 0.0444 500 0 0 
16 17 0.0454 0.1801 0.0466 100 0 0 
17 18 0.0123 0.0505 0.01298 100 0 0 
18 19 0.01119 0.0493 0.01142 100 0 0 
19 20 0.0252 0.117 0.0298 100 0 0 
15 19 0.012 0.0394 0.0101 100 0 0 
20 21 0.0183 0.0849 0.0216 100 0 0 
21 22 0.0209 0.097 0.0246 100 0 0 
22 23 0.0342 0.159 0.0404 100 0 0 
23 24 0.0135 0.0492 0.0498 100 0 0 
23 25 0.0156 0.08 0.0864 500 0 0 
26 25 0 0.0382 0 500 0 0 
25 27 0.0318 0.163 0.1764 500 0 0 
27 28 0.01913 0.0855 0.0216 100 0 0 
28 29 0.0237 0.0943 0.0238 100 0 0 
30 17 0 0.0388 0 500 0 0 
8 30 0.00431 0.0504 0.514 100 0 0 
26 30 0.00799 0.086 0.908 500 0 0 
17 31 0.0474 0.1563 0.0399 100 0 0 
29 31 0.0108 0.0331 0.0083 100 0 0 
23 32 0.0317 0.1153 0.1173 100 0 0 
31 32 0.0298 0.0985 0.0251 100 0 0 
27 32 0.0229 0.0755 0.01926 100 0 0 
15 33 0.038 0.1244 0.03194 100 0 0 
19 34 0.0752 0.247 0.0632 100 0 0 
35 36 0.00224 0.0102 0.00268 100 0 0 
35 37 0.011 0.0497 0.01318 100 0 0 
33 37 0.0415 0.142 0.0366 100 0 0 
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34 36 0.00871 0.0268 0.00568 100 0 0 
34 37 0.00256 0.0094 0.00984 500 0 0 
38 37 0 0.0375 0 500 0 0 
37 39 0.0321 0.106 0.027 100 0 0 
37 40 0.0593 0.168 0.042 100 0 0 
30 38 0.00464 0.054 0.422 100 0 0 
39 40 0.0184 0.0605 0.01552 100 0 0 
40 41 0.0145 0.0487 0.01222 100 0 0 
40 42 0.0555 0.183 0.0466 100 0 0 
41 42 0.041 0.135 0.0344 100 0 0 
43 44 0.0608 0.2454 0.06068 100 0 0 
34 43 0.0413 0.1681 0.04226 100 0 0 
44 45 0.0224 0.0901 0.0224 100 0 0.960 
45 46 0.04 0.1356 0.0332 100 0 0 
46 47 0.038 0.127 0.0316 100 0 0.985 
46 48 0.0601 0.189 0.0472 100 0 0 
47 49 0.0191 0.0625 0.01604 100 0 0 
42 49 0.0715 0.323 0.086 100 0 0 
42 49 0.0715 0.323 0.086 100 0 0 
45 49 0.0684 0.186 0.0444 100 0 0 
48 49 0.0179 0.0505 0.01258 100 0 0 
49 50 0.0267 0.0752 0.01874 100 0 0.935 
49 51 0.0486 0.137 0.0342 100 0 0 
51 52 0.0203 0.0588 0.01396 100 0 0 
52 53 0.0405 0.1635 0.04058 100 0 0 
53 54 0.0263 0.122 0.031 100 0 0 
49 54 0.073 0.289 0.0738 100 0 0.935 
49 54 0.0869 0.291 0.073 100 0 0 
54 55 0.0169 0.0707 0.0202 100 0 0 
54 56 0.00275 0.00955 0.00732 100 0 0 
55 56 0.00488 0.0151 0.00374 100 0 0 
56 57 0.0343 0.0966 0.0242 100 0 0 
50 57 0.0474 0.134 0.0332 100 0 0 
56 58 0.0343 0.0966 0.0242 100 0 0 
51 58 0.0255 0.0719 0.01788 100 0 0 
54 59 0.0503 0.2293 0.0598 100 0 0 
56 59 0.0825 0.251 0.0569 100 0 0 
56 59 0.0803 0.239 0.0536 100 0 0 
55 59 0.04739 0.2158 0.05646 100 0 0 
59 60 0.0317 0.145 0.0376 100 0 0 
59 61 0.0328 0.15 0.0388 100 0 0 
60 61 0.00264 0.0135 0.01456 500 0 0 
60 62 0.0123 0.0561 0.01468 100 0 0 
61 62 0.00824 0.0376 0.0098 100 0 0 
63 59 0 0.0386 0 500 0 0 
63 64 0.00172 0.02 0.216 500 0 0 
64 61 0 0.0268 0 500 0 0.935 
38 65 0.00901 0.0986 1.046 500 0 0 
64 65 0.00269 0.0302 0.38 500 0 0 
49 66 0.018 0.0919 0.0248 500 0 0 
49 66 0.018 0.0919 0.0248 500 0 0 
 
98 
62 66 0.0482 0.218 0.0578 100 0 0 
62 67 0.0258 0.117 0.031 100 0 0 
65 66 0 0.037 0 500 0 0 
66 67 0.0224 0.1015 0.02682 100 0 0 
65 68 0.00138 0.016 0.638 500 0 0 
47 69 0.0844 0.2778 0.07092 100 0 0 
49 69 0.0985 0.324 0.0828 100 0 0 
68 69 0 0.037 0 500 0 0 
69 70 0.03 0.127 0.122 500 0 0 
24 70 0.00221 0.4115 0.10198 100 0 0 
70 71 0.00882 0.0355 0.00878 100 0 0 
24 72 0.0488 0.196 0.0488 100 0 0 
71 72 0.0446 0.18 0.04444 100 0 0 
71 73 0.00866 0.0454 0.01178 100 0 0 
70 74 0.0401 0.1323 0.03368 100 0 0 
70 75 0.0428 0.141 0.036 100 0 0 
69 75 0.0405 0.122 0.124 500 0 0 
74 75 0.0123 0.0406 0.01034 100 0 0 
76 77 0.0444 0.148 0.0368 100 0 0 
69 77 0.0309 0.101 0.1038 100 0 0 
75 77 0.0601 0.1999 0.04978 100 0 0 
77 78 0.00376 0.0124 0.01264 100 0 0 
78 79 0.00546 0.0244 0.00648 100 0 0 
77 80 0.017 0.0485 0.0472 500 0 0 
77 80 0.0294 0.105 0.0228 500 0 0 
79 80 0.0156 0.0704 0.0187 100 0 0 
68 81 0.00175 0.0202 0.808 500 0 0 
81 80 0 0.037 0 500 0 0 
77 82 0.0298 0.0853 0.08174 100 0 0 
82 83 0.0112 0.03665 0.03796 100 0 0 
83 84 0.0625 0.132 0.0258 100 0 0 
83 85 0.043 0.148 0.0348 100 0 0 
84 85 0.0302 0.0641 0.01234 100 0 0 
85 86 0.035 0.123 0.0276 500 0 0 
86 87 0.02828 0.2074 0.0445 500 0 0 
85 88 0.02 0.102 0.0276 100 0 0 
85 89 0.0239 0.173 0.047 100 0 0 
88 89 0.0139 0.0712 0.01934 500 0 0 
89 90 0.0518 0.188 0.0528 500 0 0 
89 90 0.0238 0.0997 0.106 500 0 0 
90 91 0.0254 0.0836 0.0214 100 0 0 
89 92 0.0099 0.0505 0.0548 500 0 0 
89 92 0.0393 0.1581 0.0414 500 0 0 
91 92 0.0387 0.1272 0.03268 100 0 0 
92 93 0.0258 0.0848 0.0218 100 0 0 
92 94 0.0481 0.158 0.0406 100 0 0 
93 94 0.0223 0.0732 0.01876 100 0 0 
94 95 0.0132 0.0434 0.0111 100 0 0 
80 96 0.0356 0.182 0.0494 100 0 0 
82 96 0.0162 0.053 0.0544 100 0 0 
94 96 0.0269 0.0869 0.023 100 0 0 
 
99 
80 97 0.0183 0.0934 0.0254 100 0 0 
80 98 0.0238 0.108 0.0286 100 0 0 
80 99 0.0454 0.206 0.0546 100 0 0 
92 100 0.0648 0.295 0.0472 100 0 0 
94 100 0.0178 0.058 0.0604 100 0 0 
95 96 0.0171 0.0547 0.01474 100 0 0 
96 97 0.0173 0.0885 0.024 100 0 0 
98 100 0.0397 0.179 0.0476 100 0 0.960 
99 100 0.018 0.0813 0.0216 100 0 0 
100 101 0.0277 0.1262 0.0328 100 0 0 
92 102 0.0123 0.0559 0.01464 100 0 0 
101 102 0.0246 0.112 0.0294 100 0 0 
100 103 0.016 0.0525 0.0536 500 0 0 
100 104 0.0451 0.204 0.0541 100 0 0 
103 104 0.0466 0.1584 0.0407 100 0 0 
103 105 0.0535 0.1625 0.0408 100 0 0 
100 106 0.0605 0.229 0.062 100 0 0 
104 105 0.00994 0.0378 0.00986 100 0 0 
105 106 0.014 0.0547 0.01434 100 0 0 
105 107 0.053 0.183 0.0472 100 0 0 
105 108 0.0261 0.0703 0.01844 100 0 0 
106 107 0.053 0.183 0.0472 100 0 0 
108 109 0.0105 0.0288 0.0076 100 0 0.935 
103 110 0.03906 0.1813 0.0461 100 0 0 
109 110 0.0278 0.0762 0.0202 100 0 0 
110 111 0.022 0.0755 0.02 100 0 0 
110 112 0.0247 0.064 0.062 100 0 0 
17 113 0.00913 0.0301 0.00768 100 0 0 
32 113 0.0615 0.203 0.0518 500 0 0 
32 114 0.0135 0.0612 0.01628 100 0 0 
27 115 0.0164 0.0741 0.01972 100 0 0 
114 115 0.0023 0.0104 0.00276 100 0 0 
68 116 0.00034 0.00405 0.164 500 0 0 
12 117 0.0329 0.14 0.0358 100 0 0 
75 118 0.0145 0.0481 0.01198 100 0 0 






Appendix B: Hosting Capacity Results with Different Unit Step 
This appendix contains hosting capacity results with another distributed 
generations unit step: 
 The DGs at 0.9 lagging PF is 2.3 + j 1.11 MVA. 
 The DGs at unity PF is 2.3 MW. 
B.1 IEEE six-bus system with 0.9 lagging and unity PF DGs 
1) Hosting Capacity overvoltage and overloading limits at average load of the IEEE 
six-bus system with 0.9 lagging and unity PF: 
 
Table B1. 1: HC OV and OL limits at IEEE six-bus system with 0.9 lagging PF DGs (NV = no violations). 









Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0.00 0.00 
2 0.00 0.00 1 110.25 16.87 Unit# 
3 35.04 10.07 2 15.25 14.61 
4 70.08 20.15 6 50.00 34.95 OV NV 502 8 73 63 476 
5 70.08 20.15 Total 175.49 66.43 
6 0.00 0.00 OL NV 165 107 38 51 73 
Total 175.2 50.37 
 
Table B1. 2: HC OV and OL limits at IEEE six-bus system with unity PF DGs (NV = no violations). 









Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0.00 0.00 
2 0.00 0.00 1 110.25 16.87 Unit# 
3 35.04 10.07 2 15.25 14.61 
4 70.08 20.15 6 50.00 34.95 OV NV 502 488 369 346 476 
5 70.08 20.15 Total 175.49 66.43 
6 0.00 0.00 OL NV 165 107 39 51 73 
Total 175.2 50.37 
 
 
2) Hosting Capacity results at 1000 random loads with 0.9 lagging and unity PF: 
 
Table B1. 3: HC at 10 random loads data out of 1000 random loads with 0.9 lagging PF DGs (NV = no 
violations). 
N Load Data (input) OPF( for G-input) OL-HC 
1
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 123.60 17.67 Unit# 
3 37.49 8.19 2 28.73 16.24 
4 59.85 15.03 6 20.00 34.82 OV NV 502 8 73 63 477 
 
101 
5 74.66 22.15 Total 172.33 68.73 
6 0 0 OL NV 165 10
7 
38 51 73 
Total 171.99 45.38 
2
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 121.68 17.29 Unit# 
3 42.31 11.76 2 26.82 15.90 
4 58.22 15.60 6 20.00 34.41 OV NV 503 8 73 63 477 
5 67.65 14.41 Total 168.50 67.60 
6 0 0 OL NV 166 10
8 
37 51 73 
Total 168.18 41.77 
3
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 103.59 15.54 Unit# 
3 27.42 12.91 2 10.00 13.47 
4 50.08 21.76 6 20.00 33.63 OV NV 511 8 73 63 484 
5 55.86 23.89 Total 133.59 62.64 
6 0 0 OL NV 173 11
2 
33 53 71 
Total 133.36 58.57 
4
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 110.45 16.19 Unit# 
3 31.03 11.16 2 15.49 14.29 
4 66.57 13.94 6 20.00 33.81 OV NV 508 8 73 63 482 
5 48.08 19.33 Total 145.95 64.28 
6 0 0 OL NV 171 11
1 
34 53 72 
Total 145.68 44.43 
5
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 126.11 17.90 Unit# 
3 41.02 10.89 2 31.25 16.57 
4 75.74 18.68 6 20.00 34.67 OV NV 501 8 73 63 476 
5 60.26 17.73 Total 177.36 69.14 
6 0 0 OL NV 164 10
7 
39 51 73 
Total 177.02 47.31 
6
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 127.08 18.21 Unit# 
3 35.88 9.66 2 32.23 16.88 
4 56.20 21.24 6 20.00 35.34 OV NV 501 8 73 63 475 
5 86.86 17.52 Total 179.31 70.44 
6 0 0 OL NV 164 10
6 
39 51 73 
Total 178.95 48.41 
7
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 109.60 16.25 Unit# 
3 25.33 10.40 2 14.62 14.30 
4 42.65 19.07 6 20.00 34.29 OV NV 509 8 73 63 482 
5 75.97 18.50 Total 144.22 64.85 
6 0 0 OL NV 171 11
1 
34 53 72 
Total 143.95 47.96 
8
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 131.80 18.65 Unit# 
3 42.62 9.2714 2 36.99 17.55 
4 83.68 17.96 6 20.00 35.05 OV NV 499 8 73 63 473 
5 62.11 16.47 Total 188.79 71.24 
6 0 0 OL NV 162 10
5 
40 50 74 
Total 188.41 43.70 
9
 Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
 
102 
1 0 0 
2 0 0 1 123.10 17.90 Unit# 
3 26.678 12.04 2 28.19 16.28 
4 79.14 19.51 6 20.00 35.05 OV NV 503 8 73 63 477 
5 65.12 21.27 Total 171.29 69.23 
6 0 0 OL NV 165 10
7 
38 51 73 




Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 133.77 19.14 Unit# 
3 36.24 7.53 2 38.96 18.08 
4 69.21 24.62 6 20.00 35.84 OV NV 498 8 73 63 473 
5 86.88 16.16 Total 192.74 73.06 
6 0 0 OL NV 161 10
5 
41 50 74 
Total 192.33 48.31 
 
 
3) The lowest hosting capacity for 1000 random loads for IEEE six-bus system with 
0.9 lagging and unity PF 
 
Table B1. 4: Lowest HC of 1000 random loads and HC at average load with 0.9 lagging PF DGs (NV = no 
violations). 
Bus(i) 1(Slack bus) 2 (PV bus) 3 (PQ Bus) 4 (PQ Bus) 5 (PQ Bus) 6 (PV bus) 
Lowest HC from 
1000 random loads 
NV 138 8 26 45 71 
HC at average load NV 165 8 38 51 73 
 
Table B1. 5: Lowest HC of 1000 random loads and HC at average load with unity PF DGs(NV = no violations). 
Bus(i) 1(Slack bus) 2 (PV bus) 3 (PQ Bus) 4 (PQ Bus) 5 (PQ Bus) 6 (PV bus) 
Lowest HC from 
1000 random loads 
NV 135 88 26 45 71 
HC at average load NV 165 107 39 51 73 
 
 
Table B1. 6: HC at 10 random loads data out of 1000 random loads with unity PF (NV = no violations). 
N Load Data (input) OPF( for G-input) OL-HC 
1
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 123.6 17.67 Unit# 
3 37.49 8.19 2 28.73 16.24 
4 59.85 15.03 6 20.00 34.82 OV NV 502 489 369 347 477 
5 74.66 22.15 Total 172.33 68.73 
6 0 0 OL NV 165 107 38 51 73 
Total 171.99 45.38 
2
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 121.6 17.29 Unit# 
3 42.31 11.76 2 26.82 15.90 
 
103 
4 58.22 15.60 6 20.00 34.41 OV NV 503 490 370 347 477 
5 67.65 14.41 Total 168.5 67.60 
6 0 0 OL NV 166 108 38 52 73 
Total 168.18 41.77 
3
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 103.59 15.54 Unit# 
3 27.42 12.91 2 10.00 13.47 
4 50.08 21.76 6 20.00 33.63 OV NV 511 497 372 349 484 
5 55.86 23.89 Total 133.59 62.64 
6 0 0 OL NV 173 112 33 53 71 
Total 133.36 58.57 
4
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 110.45 16.19 Unit# 
3 31.03 11.16 2 15.49 14.29 
4 66.57 13.94 6 20.00 33.81 OV NV 508 494 371 348 482 
5 48.08 19.33 Total 145.95 64.28 
6 0 0 OL NV 171 111 35 53 72 
Total 145.68 44.43 
5
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 126.11 17.90 Unit# 
3 41.02 10.89 2 31.25 16.57 
4 75.74 18.68 6 20.00 34.67 OV NV 501 488 369 346 476 
5 60.26 17.73 Total 177.36 69.14 
6 0 0 OL NV 164 107 39 51 73 
Total 177.02 47.31 
6
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 127.08 18.21 Unit# 
3 35.88 9.66 2 32.23 16.88 
4 56.20 21.24 6 20.00 35.34 OV NV 501 488 369 346 475 
5 86.86 17.52 Total 179.31 70.44 
6 0 0 OL NV 164 106 39 51 73 
Total 178.95 48.41 
7
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 109.60 16.25 Unit# 
3 25.33 10.40 2 14.62 14.30 
4 42.65 19.07 6 20.00 34.29 OV NV 509 495 371 348 482 
5 75.97 18.50 Total 144.22 64.85 
6 0 0 OL NV 171 111 34 53 72 
Total 143.95 47.96 
8
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 131.80 18.65 Unit# 
3 42.62 9.2714 2 36.99 17.55 
4 83.68 17.96 6 20.00 35.05 OV NV 499 486 368 345 473 
5 62.11 16.47 Total 188.79 71.24 
6 0 0 OL NV 162 105 41 51 74 
Total 188.41 43.70 
9
 
Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 123.10 17.90 Unit# 
3 26.678 12.04 2 28.19 16.28 
4 79.14 19.51 6 20.00 35.05 OV NV 503 489 370 347 477 
5 65.12 21.27 Total 171.29 69.23 
6 0 0 OL NV 165 107 38 51 73 






B.2 IEEE 118-bus system with 0.9 lagging and unity PF DGs 
Table B1.7 illustrates the hosting capacity for IEEE six and IEEE 118-bus 
systems with 0.9 lagging and unity PF. Also, it contains the hosting capacity results at 
average and lowest hosting capacity at 100 random loads. 
 




HC at average load with: HC at random load with: 
0.9 Lagging PF Unity PF 0.9 Lagging PF Unity PF 
OV OL HC OV OL HC OV OL HC OV OL HC 
1 291 19 19 291 19 19 275 6 6 280 7 7 
2 142 20 20 401 20 20 143 6 6 368 7 7 
3 241 19 19 382 19 19 245 6 6 353 6 6 
4 343 17 17 343 17 17 329 6 6 319 6 6 
5 340 17 17 339 17 17 326 6 6 315 6 6 
6 361 19 19 361 19 19 345 6 6 334 6 6 
7 366 19 19 365 19 19 349 6 6 337 7 7 
8 314 15 15 314 15 15 304 5 5 296 6 6 
9 121 15 15 327 15 15 103 6 6 307 6 6 
10 344 15 15 344 15 15 330 6 6 320 7 7 
11 361 20 20 359 20 20 344 6 6 332 7 7 
12 362 21 21 362 21 21 346 6 6 335 7 7 
13 86 24 24 405 24 24 85 6 6 407 7 7 
14 90 26 26 446 26 26 89 6 6 398 7 7 
15 381 37 37 381 37 37 371 7 7 365 8 8 
16 85 29 29 408 29 29 84 6 6 373 7 7 
17 450 33 33 405 33 33 420 6 6 367 7 7 
18 432 36 36 432 36 36 404 7 7 389 8 8 
19 468 40 40 468 40 40 434 8 8 418 9 9 
20 78 40 40 219 40 40 78 8 8 214 9 9 
21 58 41 41 148 40 40 57 8 8 153 9 9 
22 54 28 28 135 28 28 52 8 8 146 9 9 
23 178 14 14 272 14 14 171 8 8 330 9 9 
24 190 18 18 190 18 18 174 9 9 241 10 10 
25 289 36 36 289 36 36 335 7 7 341 8 8 




Bus# P-Load Q-Load Bus# P-gen Q-gen Bus# 1 2 3 4 5 6 
1 0 0 
2 0 0 1 133.77 19.14 Unit# 
3 36.24 7.53 2 38.96 18.08 
4 69.21 24.62 6 20.00 35.84 OV NV 498 485 368 345 473 
5 86.88 16.16 Total 192.74 73.06 
6 0 0 OL NV 161 105 41 50 74 
Total 192.33 48.31 
 
105 
27 430 35 35 430 35 35 422 7 7 408 7 7 
28 130 34 34 385 34 34 127 6 6 385 7 7 
29 215 34 34 474 34 34 210 6 6 433 7 7 
30 482 27 27 335 27 27 454 5 5 312 6 6 
31 436 34 34 436 34 34 425 6 6 412 7 7 
32 384 35 35 384 35 35 370 7 7 407 8 8 
33 79 81 79 374 81 81 78 15 15 371 18 18 
34 432 202 202 432 202 202 392 101 101 369 135 135 
35 475 82 82 473 82 82 429 81 81 401 86 86 
36 468 90 90 468 90 90 422 79 79 397 84 84 
37 481 195 195 475 196 196 436 102 102 406 136 136 
38 511 223 223 514 221 221 490 103 103 473 136 136 
39 138 66 66 602 67 67 126 89 89 587 86 86 
40 412 178 178 412 178 178 378 126 126 377 150 150 
41 159 78 78 500 78 78 143 71 71 451 86 86 
42 488 172 172 488 172 172 476 149 149 501 197 197 
43 43 70 43 198 70 70 42 69 42 189 81 81 
44 36 85 36 186 84 84 35 70 35 199 73 73 
45 59 145 59 302 147 147 57 130 57 338 139 139 
46 301 109 109 301 109 109 283 108 108 342 120 120 
47 67 83 67 235 84 84 66 82 66 265 94 94 
48 54 70 54 153 70 70 54 69 54 153 70 70 
49 727 278 278 727 278 278 714 211 211 827 238 238 
50 57 90 57 193 88 88 56 83 56 189 85 85 
51 84 106 84 320 109 109 82 103 82 325 116 116 
52 65 80 65 212 80 80 63 75 63 215 79 79 
53 87 74 74 224 73 73 85 72 72 222 74 74 
54 466 78 78 466 78 78 415 76 76 439 92 92 
55 521 80 80 521 80 80 464 65 65 491 70 70 
56 492 132 132 492 132 132 438 102 102 464 116 116 
57 76 57 57 399 57 57 74 55 55 394 51 51 
58 92 74 74 308 74 74 90 72 72 307 72 72 
59 NV 295 295 NV 295 295 838 188 188 818 166 166 
60 474 183 183 NV 188 188 471 151 151 NV 163 163 
61 NV 206 206 NV 206 206 NV 150 150 NV 162 162 
62 NV 133 133 NV 133 133 NV 131 131 NV 128 128 
63 555 283 283 660 284 284 541 182 182 653 160 160 
64 699 279 279 NV 279 279 682 179 179 NV 158 158 
65 NV 266 266 NV 266 266 NV 172 172 0 151 151 
66 NV 301 301 NV 301 301 NV 193 193 0 227 227 
67 48 82 48 492 83 83 46 81 46 492 83 83 
68 NV NV 383 NV NV 383 NV 313 313 NV 289 289 
69 NV NV NV NV NV NV NV NV NV NV NV NV 
70 518 72 72 518 72 72 501 38 38 508 33 33 
71 289 58 58 605 58 58 281 30 30 592 26 26 
72 356 28 28 356 28 28 346 14 14 344 13 13 
73 373 46 46 373 46 46 367 30 30 372 27 27 
74 315 93 93 315 93 93 304 56 56 310 61 61 
75 307 170 170 855 167 167 291 75 75 841 81 81 
76 180 85 85 180 85 85 174 70 70 167 66 66 
77 727 179 179 727 179 179 711 160 160 688 111 111 
78 313 77 77 779 77 77 305 75 75 735 74 74 
79 135 50 50 NV 51 51 131 49 49 822 47 47 
80 NV 153 153 NV 153 153 844 131 131 820 129 129 
81 467 266 266 NV 261 261 462 229 229 0 221 221 
82 127 78 78 624 79 79 122 69 69 639 63 63 
83 112 28 28 381 28 28 106 27 27 397 26 26 
 
106 
84 90 37 37 223 37 37 87 37 37 240 34 34 
85 188 43 43 188 43 43 179 40 40 203 40 40 
86 60 44 44 234 44 44 57 45 45 238 41 41 
87 98 46 46 98 46 46 92 43 43 98 43 43 
88 121 51 51 251 52 52 113 47 47 270 48 48 
89 302 76 76 302 76 76 279 75 75 321 71 71 
90 328 79 79 328 79 79 311 68 68 352 72 72 
91 356 84 84 356 84 84 334 81 81 371 79 79 
92 291 78 78 291 78 78 285 69 69 302 74 74 
93 103 38 38 304 38 38 98 36 36 314 37 37 
94 187 93 93 456 94 94 181 74 74 456 59 59 
95 111 78 78 429 79 79 104 83 83 430 62 62 
96 143 120 120 630 124 124 136 110 110 636 98 98 
97 62 92 62 462 91 91 58 88 58 463 81 81 
98 35 79 35 403 79 79 32 80 32 401 61 61 
99 544 97 97 544 97 97 538 96 96 531 74 74 
100 370 120 120 370 120 120 365 85 85 364 53 53 
101 64 60 60 331 61 61 61 75 61 333 56 56 
102 111 88 88 335 90 90 104 79 79 346 78 78 
103 400 120 120 400 120 120 386 85 85 404 84 84 
104 417 54 54 417 54 54 408 82 82 423 52 52 
105 415 119 119 415 119 119 407 85 85 419 84 84 
106 178 88 88 438 87 87 162 86 86 449 84 84 
107 206 110 110 206 110 110 184 90 90 190 89 89 
108 125 77 77 493 77 77 114 71 71 527 71 71 
109 122 83 83 463 83 83 116 77 77 430 76 76 
110 246 112 112 246 112 112 227 87 87 211 86 86 
111 298 28 28 298 28 28 271 28 28 247 28 28 
112 286 74 74 286 74 74 268 57 57 248 64 64 
113 400 33 33 400 33 33 377 6 6 364 7 7 
114 199 35 35 427 35 35 192 7 7 430 8 8 
115 194 35 35 432 35 35 191 7 7 431 7 7 
116 NV 297 297 NV 297 297 NV 297 297 NV 282 282 
117 40 21 21 170 21 21 38 6 6 170 7 7 
118 227 85 85 478 85 85 221 77 77 459 71 71 
 
